Solution Behavior of Responsive Cationic Polymers by Karjalainen, Erno
  
 
 
Laboratory of Polymer Chemistry 
Department of Chemistry 
University of Helsinki 
Finland 
 
 
 
Solution Behavior of Responsive Cationic 
Polymers 
 
 
 
 
Erno Karjalainen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACADEMIC DISSERTATION 
 
To be presented, with the permission of the Faculty of Science of the University of 
Helsinki, for public examination in Auditorium A129, Department of Chemistry,  
on June 12th 2015, at 12 noon. 
 
Helsinki 2015 
 
 
  
 
 
Supervisor 
 
Professor Heikki Tenhu 
Laboratory of Polymer Chemistry 
Department of Chemistry 
University of Helsinki 
Finland 
 
Opponent 
 
Professor André Laschewsky 
Department of Chemistry 
Universität Potsdam 
 
Reviewers 
 
Professor Kyösti Kontturi 
Department of Chemistry 
Aalto University 
 
Dr. Janne Raula 
NanoMaterials Group 
Department of Applied Physics 
Aalto University 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN 978-951-51-1177-7 (paperback) 
ISBN 978-951-51-1178-4 (PDF) 
https://ethesis.helsinki.fi/ 
 
Unigrafia 
Helsinki 2015 
  
 
 
Abstract 
This thesis combines anion responsive polymeric ionic liquids (PILs) with 
thermoresponsive polymers. The polymers have been synthesized with controlled radical 
polymerization methods. 
A water-insoluble PIL was used as a macro-chain transfer agent in synthesis of block 
copolymers with poly(N-isopropyl acrylamide) (PNIPAm). PNIPAm chains of various 
lengths were grown to the same PIL-block. These polymers show a lower cirical solution 
temperature (LCST) type behavior, typical to PNIPAm. The PIL block and the PNIPAm 
block interact strongly, no phase transition can be observed for the block copolymers with 
short PNIPAm chains. The block copolymers form complex aggregates in water. The 
hydrophobic PIL-homopolymer can be used to make stable particles in salt free water. 
Also triblock copolymers with a long central PNIPAm block and short water soluble 
PIL blocks were synthesized. These polymers also show interactions between the PIL and 
PNIPAm blocks. This can be seen for example as reduced enthalpy of phase transition for 
the triblock copolymers compared to the PNIPAm homopolymer. The triblock copolymers 
form complex aggregates at elevated temperatures. 
The LCST-type phase transtiton of weakly cationic poly(2-(dimethylamino)ethyl 
methacrylate) (PDMAEMA) can be modified with bis(trifluoromethane)sulfonamide 
(NTf2) ions. The presence of NTf2 induces also an upper critical solution temperature 
(UCST) type transition for PDMAEMA, if the polymer is charged enough. NTf2 turns 
PDMAEMA to a stronger base, presumably due to the effective screening of charges. 
NTf2 induces an UCST-type transition for strong polycations in the presence of an 
added electrolyte. The phase behavior of the polycation-NTf2 system can be influenced by 
addition of sodium chloride. Similar transition can also be induced by 
trifluoromethanesulfonate (OTf), though OTf is needed in much higher concetrations. This 
allows the use of OTf as the only salt. 
The NTf2-polycation interactions influence the phase behavior of copolymers of N-
isopropyl acrylamide (NIPAm) and strongly cationic (3-acrylamidopropyl) 
trimethylammonium chloride (AMPTMA). With low AMPTMA content, the copolymers 
show LCST-type behavior in the presence of NTf2 and a copolymer with high AMPTMA-
content shows UCST-type behavior. If NIPAm and AMPTMA are copolymerized in 
nearly equal amounts, both transitions may coexist. The phase behavior of the copolymers 
can be influenced by NaCl addition in all cases. 
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Abbreviations and Symbols 
[CTA]0   Initial concentration of a CTA 
[I]0   Initial concentration of an initiator 
[M]0   Initial concentration of a monomer 
ACPA   Azobis(cyanopentanoic acid) 
AGET ATRP  Activators generated by electron transfer for 
ATRP  
AIBN   Azobis(isobutyronitrile) 
AMPTMA  (3-acrylamidopropyl) trimethylammonium 
chloride  
ARGET ATRP  Activators regenerated by electron transfer for 
ATRP 
ATRA Atom transfer radical addition  
ATRP   Atom transfer radical polymerization 
Block-1 and Block-2  Poly(3-methyl-1-(4-vinylbenzyl)-1-imidazolium 
chloride)-block-poly(N-isopropyl acrylamide)-
block-poly(3-methyl-1-(4-vinylbenzyl)-1-
imidazolium chloride)   
ClMeSt   p-chloromethylstyrene  
CNT   Carbon nanotube 
conv   Conversion of the monomer 
CP   Copolymer of AMPTMA and NIPAm 
CPA   (4-Cyanopentanoic acid)-4-dithiobenzoate 
CPDTC   2-cyano-2-propyldodecyl trithiocarbonate 
CTA   Chain transfer agent 
d  Average number of dead chains produced by a 
termination event 
DEA   Diethyl acrylamide 
DEDBrA   Diethyl meso-2,5-dibromoadipate  
DHB   2,5- dihydroxy benzoic acid 
DLS   Dynamic light scattering 
DMAEMA  2-(dimethylamino)ethyl methacrylate 
DMF   Dimetylformamide 
DPT   Targeted degree of polymerization 
DPtheor   Theoretical degree of polymerization 
EClPr   Ethyl 2-chloropropionate 
f   Initiator efficiency 
F  Mole fraction of AMPTMA-repeating units in a 
copolymer 
f(NMR)  Mole fraction of AMPTMA in the reaction 
mixture by NMR  
HEMA   2-hydroxyethyl methacrylate 
I*   Initiating radical 
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IL   Ionic liquid 
IL-A  2-(1-butylimidazolium-3-yl)ethyl methacrylate 
tetrafluoroborate 
IL-A Br  2-(1-butylimidazolium-3-yl)ethyl methacrylate 
bromide  
IL-B  3-methyl-1-(4-vinylbenzyl)-1-imidazolium 
chloride 
kact   Rate constant of activation 
kadd   Rate constant of addtion 
KATRP   Equilibrium constant of ATRP 
kd   Rate constant of initiator decomposition 
kdeact   Rate constant of deactivation 
ki   Rate constant of initiation 
KOTf   Potassium trifluoromethanesulfonate 
kp   Rate constant of propagation 
kt   Rate constant of termination 
L   Ligand 
LAM   Less activated monomer 
LCST   Lower critical solution temperature 
LiNTf2   Lithium bis(trifluoromethane)sulfonamide 
LiOTf   Lithium trifluoromethanesulfonate 
M   Monomer 
MADIX  Macromolecular design by interchange of 
xanthate  
MALDI  Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry  
MAM   More activated monomer 
Me6TREN  Tris(2-(dimethylamino)ethyl)amine  
MeCN   Acetonitrile 
MeOH   Methanol 
Micro-DSC  Differential scanning microcalorimetry  
Mn   Number average molecular weight 
Mt   Metal 
Mw   Weight average molecular weight 
NaTFA   Sodium trifluoroacetate  
NIPAm   N-isopropyl acrylamide  
NMR   Nuclear magnetic resonance 
NTf2, Tf2N, TFSI  Bis(trifluoromethane)sulfonamide  
OTf   Trifluoromethanesulfonate 
PAMPTMA  Poly((3-acrylamidopropyl) trimethylammonium 
chloride)  
PClMeSt   Poly(p-chloromethylstyrene)  
PDMAEMA  Poly(2-(dimethylamino)ethyl methacrylate) 
PEDOT   Poly(3,4-ethylenedioxythiophene)  
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PIL-A  Poly(2-(1-butylimidazolium-3-yl)ethyl 
methacrylate tetrafluoroborate) 
PIL-A Br  Poly(2-(1-butylimidazolium-3-yl)ethyl 
methacrylate bromide)  
PIL-A Br-PNIPAm  Poly(2-(1-butylimidazolium-3-yl)ethyl 
methacrylate bromide)-block-poly(N-isopropyl 
acrylamide)    
PIL-A-PNIPAm  Poly(2-(1-butylimidazolium-3-yl)ethyl 
methacrylate tetrafluoroborate)-block-poly(N-
isopropyl acrylamide)   
Pm*  Polymeric radical with degree of polymerization 
m 
PMDETA  N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 
PMMA   Poly(methyl methacrylate)  
PMOTAC  Poly(2-methacryloyloxyethyl 
trimethylammonium chloride)  
PMOTAI  Poly(2-methacryloyloxyethyl 
trimethylammonium iodide)  
Pn   Polymer with degree of polymerization n 
Pn*  Polymeric radical with degree of polymerization 
n 
PNAGA   Poly(N-acryloylglycinamide)  
PNIPAm   Poly(N-isopropyl acrylamide)  
Pn-X   A polymer with halide as an endgroup 
PS   Polystyrene 
R*   Re-initiating radical 
RAFT   Reversible addition-fragmentation chain transfer 
Rh   Hydrodynamic radius 
RI   Refractive index 
Rp   Rate of polymerization 
RT   Room temperature 
RTIL   Room temperature ionic liquid 
SARA ATRP  Supplemental activators and reducing agents 
ATRP 
SEC   Size exclusion chromatography 
S-I-S   Soluble-insoluble-soluble 
t   Time 
TBAB   Tetrabutylammonium bromide 
Tc   Cloud point 
TcL   LCST-type Tc 
TcU   UCST-type Tc 
Tg   Glass transition temperature 
THF   Tetrahydrofuran 
Tmax    Temperature of maximum heat capacity 
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UCST   Upper critical solution temperature 
UV   Ultraviolet 
ΔH   Enthalpy change of transition 
ΔTcU Diffrence of TcU between heating and cooling 
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1. Introduction 
Thermoresponsive polymers are combined with non-classical polyelectrolytes in this 
thesis.  The special focus is on polyelectrolytes that can be turned insoluble in water with 
suitable counter ions, and the solution behavior of these systems. The polymers have been 
synthesized with controlled radical polymerization methods. The introductory part gives a 
short review of the used materials and synthesis methods. 
1.1. Controlled Radical Polymerization 
All the polymers in the present study are synthesized either by atom transfer radical 
polymerization (ATRP) or reversible addition-fragmentation chain transfer (RAFT) 
polymerization, both of which are controlled radical polymerization methods.  
Both approaches insert periods of dormancy between much shorter periods of activity.1 
In this way, it is possible to extend the lifetime of the propagating radical over the course 
of the whole reaction. Irreversible termination is thus suppressed, but not completely 
absent.2 Nevertheless, provided that the activation-deactivation cycles are frequent 
enough, all the chains have nearly an equal chance of growing and thus the polydispersity 
of the final product remains low. Also the polymerizations follow first order kinetics 
respect to the monomer.2 
Both ATRP and RAFT rely on quasi-equilibrium between the active and dormant 
states. This is achieved by very different means as ATRP is based on the persistent radical 
effect and RAFT on degenerative chain transfer.2 ATRP and RAFT are described in some 
detail below. The controlled radical methods are not limited to ATRP and RAFT, but 
include e.g. iodine-transfer polymerization3 and nitroxide mediated polymerization 
(NMP)4, but these are outside the scope of this text. 
1.1.1. ATRP 
ATRP was discovered in 1995 independently by Wang and Matyjaszewski5 and by Kato 
et al.6. The equilibrium between the active and dormant states is achieved by using metal, 
usually copper, salts, which mediate equilibrium between the active and dormant species 
(scheme 1).7 It is also possible to use an organic photoredox catalyst instead of a metal 
salt.8-10 Mechanistically, ATRP has its roots in atom transfer radical addition (ATRA).11-14 
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Scheme 1. The ATRP equilibrium.7  
In the mechanism, a reactive alkyl halide (Pn-X) reacts with a metal (Mt), complexed with 
a ligand (L), which produces a reactive radical Pn* and the metal with a higher oxidation 
state. The metal in the higher oxidation state acts as a persistent radical.7, 15-17 Pn-X is 
initially a small molecular initiator, but after the equilibrium has been established it is the 
dormant polymeric species.  
After it has been formed, Pn* then propagates and adds monomers (M) with the rate 
constant kp. Termination is inevitably present and dead polymer is formed with the rate 
constant kt. In order to establish a good control of the polymerization, initiation should be 
fast and quantitative.11 Each initiator molecule is assumed, in the absence of termination 
and chain transfer, to produce exactly one polymer chain. Therefore, the theoretical degree 
of polymerization (DPtheor.) is only dependent on the ratio between initial concentration of 
the monomer ([M]0) and the initiator ([I]0) along with the conversion of the monomer 
(conv). DPtheor. can be calculated according to equation 1.
11 The [M]0/[I]0 ratio, i.e. the 
theoretical degree of polymerization at full conversion, is also known as the targeted 
degree of polymerization, DPT. 
 
 
convDPconv
I
M
DP          (1) T
0
0
theor.    
ATRP is an (quasi-)equilibrium process so the aforementioned activation reaction also 
reverses with a rate constant of kdeact.
7 This reverse process reduces the metal and produces 
the dormant species Pn-X. The equilibrium between the forward and reverse processes 
(equilibrium constant KATRP) is the key to the control in ATRP and can be described with 
equation 2, which can in turn be used to express the rate of polymerization (Rp) with 
equation 3.7, 18 Henceforth, all the equations are formulated assuming copper salts, because 
copper is the most widely used metal in ATRP, but they are valid for some other metals 
too.7  
  
  XPCu(I)/L
Cu(II)/LX*P
k
k
K          (2)
n
n
deact
act
ATRP


    
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  
   
  









Cu(II)/LX
MCu(I)/LXP
Kk*PMkR          (3) nATRPpnpp  
It can be observed from equations 2 and 3 that the rate of polymerization is influenced by 
KATRP, which is a measure of catalyst activity. KATRP is affected by solvent polarity; it 
increases with increasing polarity.19 The activity of the catalyst is mostly determined by 
the ligand. With different ligands KATRP can span over 7 orders of magnitude from 
approximately 10-10 to 10-3, meaning that the equilibrium is heavily on the side of the 
starting materials.20 KATRP is directly related to the electrochemical properties of the 
complex, with more reducing catalysts yielding higher values of KATRP.
19, 20 Also, the 
nature of the used halogen has an effect on KATRP.
16 
An ideal ligand should have a large KATRP to allow fast polymerization with a small 
amount of copper, but also a large kdeact. kdeact influences the polydispersity, i.e.the ratio 
between weight average (Mw) and number average (Mn) molecular weights of the 
produced polymer according to equation 4.7, 20 Two classical ligands that fulfill these 
requirements,  tris(2-(dimethylamino)ethyl)amine (Me6TREN) and N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA), are shown as examples in scheme 2.20  
 
 
















 1
conv
2
Cu(II)/LXk
XPk
DP
1
1
M
M
          (4)
deact
np
n
w   
 
 
Scheme 2. Two classical ATRP ligands. 
Copper (II) salts are often added to the reaction mixture, since they decrease the likelihood 
of early terminations as they act as persistent species and bring down the polydispersity 
according to equation 4.17 This comes with the cost of lower rate of polymerization, as can 
be seen from equation 3.21-24 
Along with low polydispersity of the synthesized polymers, one of the largest 
advantages in using ATRP is the straightforward synthesis of block copolymers. As the 
majority of the chains contain a halide as their end group, they can be used as 
macroinitiators in the synthesis of block copolymers.1, 5, 7 The ease of attachment of 
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ATRP-initiating groups allows also the synthesis of more complex macromolecular 
architectures, such as brushes, stars, and surface grafts.1 
ATRP can be conducted by reducing copper (II) to copper (I) in situ. This method is 
known as activators generated by electron transfer for ATRP (AGET ATRP).25  
From equation 4, it can be observed that the rate of polymerization is dependent on the 
Cu(I)/Cu(II)-ratio, not the absolute concentrations of the species. This can be used as an 
advantage to reduce the amount of copper by performing an AGET ATRP polymerization 
with a very low amount of copper salts and an excess of reducing agent in order to 
compensate the Cu(II) formed in termination reactions.26 This is known as activators 
regenerated by electron transfer for ATRP (ARGET ATRP).  The modification of ARGET 
ATRP which uses zerovalent metals as co-activators and reducing agents is known as 
supplemental activators and reducing agents ATRP (SARA ATRP).27-30 
1.1.2. RAFT 
Besides ATRP, the other major controlled radical polymerization method is reversible 
addition-fragmentation chain transfer (RAFT), which was introduced in 1998 by Chiefari 
et al.31 RAFT is based on degenerative chain transfer.32 The mechanism of RAFT is 
presented in scheme 3. RAFT usually uses thiocarbonylthio-compounds as chain transfer 
agents (CTAs), which are sometimes referred as RAFT agents.32 
 
Scheme 3. The mechanism of RAFT.33 
 
The RAFT polymerization is initiated as a traditional radical polymerization (step I in 
scheme 3). Radical I* then initiates the polymerization with a rate constant ki. The most 
common method of producing initiating radicals is the use of thermally decomposing 
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initiators31, 32, but other methods like ultraviolet (UV) light decomposing initiators34, γ-
radiation35, 36, or redox-initiation37 are also possible. This step introduces excess of 
radicals to the system, which invariably produces terminated chains.38 This can be 
circumvented by initiating the polymerization as in ATRP directly from the CTA.39-41  
Polymeric radical (Pm*) that is produced by the initiator adds to the reactive double 
bond between carbon and sulfur in step II.33 This reaction has a rate constant kadd and it is 
reversible. The intermediate radical can fragment either back towards the polymeric 
radical or liberate a re-initiating radical (R*) with the rate constant kβ. Should this happen, 
a new polymer chain is created in step III. 
It can be observed from steps I, II, and III in scheme 3 that the number of polymer 
chains in RAFT is determined by the amount of original initiator radicals and R-groups in 
the CTA. Therefore, the theoretical degree of polymerization can be expressed with 
equation 5.42 In equation 5 f is the initiator efficiency, kd the rate constant of initiator 
decomposition, [CTA]0 the initial concentration of CTA, t is time, and d the average 
number of dead chains produced by a termination event (combination produces one chain 
and disproportionation two chains). 
 
   tk0
0
theor.
de1dfCTA
convM
DP          (5)


   
The second term in the denominator, which arises from the initiator derived chains, is 
often neglected.42 This is justified by the fact that a vast majority of the polymer chains are 
born during step II, as one radical can potentially react to trigger the cleavage of R-groups 
of many CTA-molecules. Therefore, equation 5 can be simplified to equation 6. 
 
 0
0
theor.
CTA
convM
DP          (6)

    
After all of the initial CTA is consumed, the main RAFT equilibrium (step IV in scheme 
3) is established.33 The rapid exchange between the active and dormant states then ensures 
the chance of equal growth for all of the polymer chains. As is the case in all radical 
reactions, terminations (step V) are always present. However, majority of the polymer 
chains do contain the thicarbonylthio-goup in their ends, which has also been 
experimentally proven.43-45 This allows the use of the polymers as macro-CTAs in 
synthesis of block copolymers46-48 and also other manipulations of the end groups49, 50. 
CTAs usually belong to one of four subclasses, depending on the Z-group (scheme 4): 
dithioesters, trithiocarbonates, xanthates (dithiocarbonates), and dithiocarbamates.32, 33 The 
special case of conducting RAFT with a xanthate CTA is sometimes referred as 
macromolecular design by interchange of xanthate (MADIX).51 Dithioesters and 
trithiocarbonates are suitable for controlling the polymerizations of conjugated monomers 
such as styrenes and methacrylates, which are also known as more activated monomers 
(MAMs).52 The non-conjugated, less activated monomers (LAMs), e.g. vinyl acetate, are 
better controlled by xanthates or dithiocarbamates. The difference has decreased after the 
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introduction of the “switchable” or “universal” CTAs, which can be used for both MAMs 
and LAMs.53, 54 
 
Scheme 4. Top: General structure of a CTA. Bottom, from left to right: a dithioester, a 
trithiocarbonate, a xanthate, and a dithiocarbamate. 
Generally, the Z-group modifies both the rate of addition to the carbon-sulfur double bond 
(kadd in scheme 3) and the stability of the intermediate radicals in steps II and IV in 
scheme 3.52 The reactivity of a CTA in chain transfer is enhanced by the presence of 
electron withdrawing and radical stabilizing Z-groups.55, 56 The role of the R-group is to 
act as a good leaving group (kβ ≥ k-add in scheme 3) and it should be able to efficiently 
reinitate polymerization.52, 57, 58 In order to achieve efficient control of polymerization with 
RAFT, the CTA needs to be carefully chosen in respect to the monomer to be 
polymerized.32 
1.2. ILs and PILs 
Ionic liquids (ILs) are salts that have a low melting point, the ones that are liquid at room 
temperature are known as room temperature ionic liquids (RTILs).59-63 Commonly, ILs 
consist of an unsymmetrical organic cation, e.g. imidazolium or phosphonium, and a 
smaller anion.64-66  Ionic liquids are studied for many applications, including dissolution of 
cellulose67-69, extractions70-74 , and use as a reaction medium75-78. 
Properties of the ILs may be affected by the choice of the anion. It is possible to turn 
ILs almost insoluble in water with suitable counterions, and also other properties such as 
viscosity, temperature of thermal decomposition, as well as melting point are affected.79-84 
Thermodynamically, the low solubility in water arises from the negative entropy of 
dissolution85, which is also the case with hydrocarbons at room temperature86-91. 
The properties of imidazolium-based ILs are suggested to be due to strong, directional, 
and localized hydrogen bonding that introduces “defects” in the charge symmetry, in 
combination with the entropic gain arising from many different conformations.92-97 The 
evidence supporting the localized hydrogen bonding has been questioned and thus the 
anion-cation interactions could also be purely of ionic nature.98-100 However, most studies 
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seem to agree that although coulombic forces account for the majority of interactions in 
ILs, the effect of the hydrogen bonds is far from being negligible.101-103 
Polymeric ionic liquids (PILs) are polymers “that feature an ionic liquid (IL) species in 
each monomer repeating unit, connected through a polymeric backbone to form a 
macromolecular architecture”.104 It is unclear to the author why the physical state of the 
monomer is important. However, several researchers nowadays take polyelectrolytes as 
ionic liquids. This has been also the author’s approach throughout this thesis and therefore 
it is appropriate to discuss PILs in some detail. 
The first PILs were synthesized by Ohno and Ito in 1998 and since then the field has 
expanded rapidly.105-107 Commonly PILs are based on polycations, but also polyanions 
that are called PILs have been reported. 
Anion responsive PILs were first reported by Marcilla et al.108-113, after which many 
studies on the topic have been conducted114.  The same anions often bring analogous 
properties for PILs as for ILs. For example, anions that cause ILs to be only sparingly 
soluble in water84, 115 also yield water-insoluble PILs108, 109, 116 . In addition, the effect of 
anions on the glass transition temperatures (Tgs) of PILs
116-119 generally follows similar 
trends as it does on the melting points of ILs80, 82, 120. In the sections below, the focus is on 
anion responsive PILs. 
1.2.1. NTf2 and Other Hydrophobic Anions 
An especially important anion, both generally and for this work in particular, is 
bis(trifluoromethane)sulfonamide (NTf2, Tf2N, TFSI) (scheme 5), which was introduced 
for ILs in 1996 by Bonhôte et al.79 It turns ILs very poorly soluble in water, but water is 
moderately soluble in ILs with NTf2 as counterion.
84, 85, 121-124 It causes ILs to have low 
melting points and may even turn them completely amorphous.80, 82, 125, 126 Analogously, 
PILs with NTf2 as a counterion tend to have a low Tg for a polyelectrolyte
117, 118, 127-129 and 
they are insoluble in water but soluble in polar organic solvents108, 110, 130-133.  
 
 
Scheme 5. Structure of NTf2 anion. 
A common way of rationalizing the properties of NTf2 is its inability to form strong 
hydrogen bonds.79, 134-140 Simulations indicate that the anion-cation interactions in NTf2 
containing ionic liquids are mostly electrostatic and weak, a result which has also been 
experimentally proven.141-143 Also, the large size of the anion and the subsequent low 
charge density, has an impact on the cation-anion interactions.135, 143 Probably both the 
inability to form hydrogen bonds and low polarizability of the anion contribute to the 
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NTf2-induced water insolubility.
144 The thermodynamic reason to the low solubility of 
organic salts of NTf2 in water is the unfavorable entropy of dissolution, which was the 
case for other hydrophobic anions as well.85, 121, 145, 146 
It is possible that the -CF3-groups of NTf2 are on the same side of S-N-S-bond (cisoid 
form) or on the opposite sides of the bond (transoid form).147, 148 The favored 
conformational isomer is dependent on the environment and cation, but both can exist in 
liquid state.135, 149-154  
Along with its use in ILs and PILs, the main application of NTf2 as its lithium salt 
(LiNTf2) is in battery electrolytes.
155-158 NTf2 is a conjugate base of a strong acid, so its 
protonation should not be significant in most applications.159-161 This is due to the ability 
of the anion to delocalize the negative charge.162-164 
PILs can be made insoluble in water also with trifluoromethanesulfonate (OTf), known 
as triflate.108, 109, 112 PILs with other fluoroanions, BF4
- and PF6
-, are also insoluble in 
water.109, 111, 165-168 These anions always hydrolyze to varying degrees in contact with 
water and thus a system with BF4
- or PF6
- in reality contains a mixture of ions, which is 
especially pronounced with BF4
-.70, 169-178 This is seldom discussed in the PIL literature, 
including one of the publications by the author.I   
1.2.2. Applications of PILs in Colloids 
This section explores various applications of PILs in colloids, since they are important in 
the framework of this study and are one of the most popular fields of PIL research. PILs 
are also used in many other applications.104, 106, 114, 179-186 
One of the first applications was the stabilization of aqueous dispersions of carbon 
nanotubes and graphene, both with polyanion and polycation PILs.113, 187-196  The ability of 
imidazolium-containing compounds to stabilize carbon nanomaterials can be understood 
via the formation of π-π- and cation-π interactions between the imidazole ring and 
graphene.113, 195-197 The adsorbed polymer then provides steric and electrostatic 
stabilization. The anion-dependent solubility of polycation-PILs can be utilized to 
precipitate the materials or to transfer them to an organic medium.113, 193-195  
Similarly to carbon nanomaterials, PILs can be applied in stabilization of metal 
nanoparticles, metal nanorods, and other nanomaterials.113, 198-202 The anion-dependent 
solubility can be utilized in the case of these nanomaterials.113, 198-200 
The interactions between the imidazolium ions and graphene can also be utilized in a 
more macroscopic way. This was first shown by Fukushima et al., who dispersed carbon 
nanotubes (CNTs) in polymerizable ILs, which yielded a gel-like material or “bucky 
gel”.189, 203 The dispersion can be then polymerized in order to form PIL-CNT 
composites.189, 204, 205 Use of NTf2 as an anion is advantageous in the formation of bucky 
gels, since it brings down the melting point of ILs and thus allows easier formation of 
dispersions.  Similar approach can be used with other materials, such as cellulose, to yield 
PIL composites.206-212 
Interactions between polymeric imidazolium salts and conductive polymers can be 
utilized in a similar fashion as with carbon nanotubes and graphene. Poly(3,4-
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ethylenedioxythiophene) (PEDOT) combined with PILs is probably studied the most 213, 
but polyaniline110 and polypyrrole110, 112 have also been reported. Stable aqueous 
dispersions of conductive polymers can be formulated by either synthesizing the polymer 
in the presence of a PIL110, 112, 198, 214-218 or by introducing PIL-like groups to the 
conductive polymers219-221. Anion exchange causes the dispersions to precipitate, as is 
common with PIL-systems.110, 112, 215-219, 222 The materials can then be dispersed in polar 
organic solvents. Electrochemical polymerization directly on electrodes is also possible, as 
with more traditional conductive polymers.222, 223 Hydrophobic anions increase the water 
contact angle compared to traditional PEDOT-formulations.216, 217, 222, 223 This is 
advantageous, since absorption of water can have a detrimental effect on the performance 
of devices that use conductive polymers.224-228 
In addition to the mentioned colloidal applications for PILs, colloids made from PILs 
themselves are being intensely studied. 186 Several types of PIL-colloids have been 
reported: micro- or nanoparticles229-237, solvent-swollen microgels111, 237-241, self-
assembled structures131, 132, 242-244, surface-grafted particles245-250, and seeded core-shell 
structures251-253. These often show anion-dependent solubility.111, 132, 234-238, 243-246 Also 
macroscopic PIL-gels, often anion responsive, have been synthesized.165, 241, 243, 254-258  
Most of the systems described in this section use the anion exchange as a stepwise 
“on/off-switch”. However, it is also possible to alter the properties of PILs continuously 
with a partial anion exchange to yield a “copolymer”. Much like the classical 
copolymerization 259-261, a partial anion exchange can be used to vary Tg of PILs
262. Partial 
anion exchange influences the self-assembly of PIL containing diblock copolymers131, 132 
or even turns a PIL homopolymer to an amphiphile.244 Other properties can also be fine-
tuned by partial anion exchange.263-265 
1.3. Thermoresponsive Polymers in Water 
The two basic types of thermoresponsive behavior are lower critical solution temperature 
(LCST) and upper critical solution temperature (UCST). Polymers that have a LCST in a 
solvent display a decrease in solubility with increasing temperature and polymers with an 
UCST with decreasing temperature. There are variations inside the two types and 
sometimes both can even coexist in a system.266 
This section describes some relevant aspects of thermoresponsive polymers in water in 
the framework of the studies described in this thesis. Poly(N-isopropyl acrylamide) 
(PNIPAm) (scheme 6) and the LCST-phenomenon are described in the same section. The 
reason for this is that PNIPAm is by far the most studied polymer with LCST, and 
therefore a major part (or even majority) of LCST-studies have been conducted with 
PNIPAm.266 However, many other polymers with LCST-behavior are also known.267 
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Scheme 6. Structure of PNIPAm 
1.3.1. PNIPAm and the LCST Phenomenon 
The existence of LCST-type phase transition for PNIPAm was first described by Heskins 
and Guillet in 1968.268 Probably the most commonly cited value for the cloud point (Tc) 
for PNIPAm is 32 °C, although many factors may cause variation to the actual 
temperature.269 
The cause for the phase transition is that water turns from a good to a poor solvent for 
PNIPAm with increasing temperature, which leads to coil-to-globule-transition.270 This is 
manifested by the decrease of the second virial coefficient (A2). The formation of compact 
structures can be observed as a decrease in both hydrodynamic radius and radius of 
gyration.270-273  
The decrease in the solvent quality leads to the destruction of the hydration layer or 
“water gage” around the isopropyl groups and partial dehydration of the polymer 
chains.274-278 This causes the association of the polymer, through breaking of a fraction of 
the polymer-water hydrogen bonds and formation of new polymer-polymer hydrogen 
bonds.276, 279-282 A vast majority of amide groups of the polymer keep hydrogen bound to 
water even at temperatures above Tc and the polymer globules contain a substantial 
amount of water.279, 281 
Hysteresis is observed when cooling PNIPAm solution back to temperatures below the 
cloud point.283 This is attributed to the newly formed intra- and intermolecular hydrogen 
bonds.276, 279, 283 It can take a long time for all of the new hydrogen bonds to break, 
especially if the sample is kept at high temperatures for prolonged periods of time.276, 283, 
284 The redissolution has been observed to be a two-stage process, with the shells of the 
formed aggregates dissolving first, followed by the dissolution of the cores.283 
The transition takes place in “cooperative units”, which consist of the whole chain for 
a low molar weight PNIPAm, but only parts of the chain for a larger polymer.285, 286 The 
size of a cooperative unit has been reported to be between 85 and 600 repeating units.274, 
287 
In extremely dilute solutions, single chain globules can be observed.271-273 With higher 
concentrations, colloidally stable multi chain aggregates, known as mesoglobules, form at 
temperatures higher than Tc.
288-290 The size of the globules is affected by possible ionic 
groups from initiators291, by polymer concentration291-293, and significantly by the heating 
rate292, 293. At temperatures well above Tc, PNIPAm mesoglobules may be regarded as 
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glassy spheres kinetically unable to aggregate.293-295 The aggregates carry a small negative 
charge of unknown origin, even if the polymer is synthesized using a nonionic initiator.293 
This charge may also contribute to stabilization of the structures. It is important to notice 
that although colloidal PNIPAm above its Tc remains dispersed for a long time, it is only 
metastable.296 
It was pointed out already in the original publication on the LCST behavior of 
PNIPAm that the transition is endothermic and therefore, in order to satisfy the condition 
of a negative change of free energy, it must be entropy driven.268 It has been later 
concluded that the driving force behind the phase transition is the entropy gained by the 
release of structured water around the isopropyl groups to the bulk of the solution.274, 281, 
283, 297-301 The relatively high enthalpy of the transition (4.2-8.0 kJ/mol of repeating units 
for PNIPAm homopolymer in pure water274, 280, 297, 302-304) is mainly attributed to the 
breaking of hydrogen bonds within the structured water, since it is known that hydrogen 
bonding in water gages is stronger than in bulk.275, 281 It is unlikely that the difference 
between the polymer-water and water-water hydrogen bonds would be as high as the 
observed enthalpy change, especially because this only concerns a minority of the amide 
groups.280 Thus the contribution from these changes in hydrogen bonding to transition 
enthalpy is small. 
Low concentrations of certain salts, like NaI and NaSCN, increase Tc of PNIPAm, but 
generally the addition of salts decreases the phase transition temperature.274, 281, 303, 305 The 
magnitude of the effect follows the Hofmeister series and is more related to the anion of 
the salt, the cation has only a minimal effect.303  The anions with a strong impact on Tc are 
known as kosmotropes, the ones with weaker impact are known as chaotropes.305 Other 
additives, such as surfactants306-308 or solvents308-312, may also be used to change the phase 
transition temperature. 
The influence of salt on Tc is due to amide-anion interaction, polarization of first-
hydration-shell-water by the anion, and changes in surface tension around the hydrophobic 
groups.305, 313-316 It is also possible that the effect is caused by interactions between the 
cation of the salt and the amide oxygen, the strength of which is modulated by the 
anion.317, 318 Other possible reasons have been suggested, e.g., difference in the 
preferential interactions between coil and globule states for different ions319 as well as the 
influence of the salt on the structure of bulk water303.  
The chain topology has a major effect on the transition temperature, which is seen as 
higher phase transition temperature of cyclic PNIPAm compared to its linear analogue of 
similar molecular weight.320, 321 Also, a completely opposite result has been reported.322 
The conflicting results are explainable by the different methods used to couple the chain 
ends.323 Cyclic PNIPAm forms different mesoglobular structures than the linear one.301 
Stereoregularity of PNIPAm has a large impact on the cloud point. Increasing isotactic 
content of the polymer quickly decreases Tc and with higher content of meso-diads the 
polymer becomes completely insoluble in water.304, 324-326 Analogously, an increase in 
syndioctacticity increases Tc, but the effect is much weaker than in the case with 
isotacticity.326-328 
With high molecular weight PNIPAm, the cloud point varies less than 10 °C with 
concentration.284, 329 The minimum of Tc, the LCST, is reached with PNIPAm weight 
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fraction of approximately 45 %. Above weight fraction of 70-80 %, Tg of the system is 
higher than Tc and thus no phase separation can be observed.
284, 329  
For molecular weights above 50 kg/mol, Tc is independent of molecular weight.
330 
With lower molecular weights, the cloud point increases with decreasing chain length.299, 
331, 332 The effect of the end group on the cloud point becomes significant. As can be 
expected, hydrophilic end groups lead to higher and hydrophobic ones to lower values of 
Tc.
299, 300, 302, 326, 333-336 This effect diminishes quickly with increasing molecular weight 
and therefore decreasing proportion of the end groups.299, 302, 326, 333-335 PNIPAm with 
highly hydrophobic end groups that form aggregates already below Tc may break the rule 
of hydrophobic end groups decreasing the transition temperature.300, 336-338 This is due to 
isolation of the hydrophobic groups inside the aggregates, from where they are unable to 
affect the phase transition of the dangling PNIPAm-chains.300, 336-338 In this sense, 
hydrophobic blocks of PNIPAm block copolymers are also considered end groups.337-339  
Copolymerization affects the cloud point in a much similar fashion as the end groups 
do, though the effect is weaker with a given comonomer content than with the same 
relative amount of end groups. 281, 298, 300, 340-346 The stronger effect of the end groups has 
been attributed to initiation of the dehydration from the mobile end groups, which is then 
followed by the phase transition of the bulk of the chain.300 As an exception, charged 
comonomers increase Tc quickly.
346 
The enthalpy change associated with the transition of PNIPAm copolymers decreases 
as a function of the transition temperature.281, 343, 347-349 The decrease is a linear function of 
the cloud point, regardless of the comonomer used.281, 347 In the case of hydrophilic 
comonomers, the effect has been explained by the increase of overall hydrophilicity of the 
polymer, which raises the transition temperature. 281, 347, 348  Hydrogen bonding is weaker 
at elevated temperatures and when the phase separation finally takes place, this is seen as 
reduced enthalpy of transition. Analogously, incorporation of hydrophobic monomers, 
which decreases the transition temperature, leads to higher transition enthalpies. 
Alternatively, it may be that incorporation of hydrophilic comonomers causes less water to 
be released during the phase transition, which leads to lower enthalpy.349 
1.3.2. UCST 
Far less articles are published about UCST in water than about LCST.266 Polymers with 
UCST in water can be divided to two rough categories, depending on whether their UCST 
is based on Coulomb interactions or hydrogen bonding.350 
The polymers having a Coulomb type UCST are usually zwitterionic polymers, the 
most notable class is poly(sulfobetaines).351 The polybetaines have an UCST behavior in 
salt solutions. This is due to the screening of the opposite charges and it is possible to 
modulate the cloud point with electrolytes.352 Tc may increase with small amounts of salt, 
but generally it decreases with higher amounts, even to complete solubility. The 
magnitude of the decrease follows the Hofmeister series.353, 354 Tc can also be influenced 
by copolymerization.355 
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Polymers with hydrogen bonding based UCST typically contain a primary amide 
group, simplest of these being poly(methacrylamide).266, 356, 357 Also other groups that 
contain both hydrogen bond donor and acceptor have been used.358-360  Probably the most 
studied polymer of the class is poly(N-acryloylglycinamide) (PNAGA) , which has a 
cloud point of 8-28 °C in pure water, depending on the concentration.361 The molar mass 
dependence of Tc for PNAGA is insignificant.
362, 363 
Tc of UCST polymers can be influenced by copolymerization, much like the Tc of 
PNIPAm.360, 361 The presence of ionic groups decreases the Tc of PNAGA rapidly; even a 
minute amount is enough to cause the transition to disappear completely in pure water.362, 
364, 365 
Certain hydrophilic and hydrophobic monomers can be copolymerized to yield 
copolymers with an UCST-type phase transition, even when the respective homopolymers 
show no transition.350 This makes it possible to fine tune the transition temperature by 
varying the ratio of the monomers.357, 366-371 Also, copolymers with response to other 
stimuli, such as pH, along with temperature can be conveniently made in this way.366-369 
It is possible to introduce UCST-like behavior by constructing a system that contains 
thermoreversible complexes. Polymer complexes with UCST-type transition based on 
hydrogen bonding 372-374 and ion-dipole interactions375 have been reported. It is also 
possible to induce UCST-like behavior by host-guest interactions.376-378 
1.3.3. PDMAEMA and Quaternized PDMAEMA 
Another polymer with LCST behavior and significance for this work is poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) (scheme 7A). It is a weak base, the 
values of the apparent pKa of the protonated form of PDMAEMA range between 6.2 and 
7.8, depending on determination conditions.379-384 A methylated derivative of PDMAEMA 
is a strong polycation. It is commonly synthesized as poly(2-methacryloyloxyethyl 
trimethylammonium chloride) (PMOTAC) with  chloride as counterion or as poly(2-
methacryloyloxyethyl trimethylammonium iodide)  (PMOTAI) with iodide as counterion 
(scheme 7B). 
 
Scheme 7. A: Structure of PDMAEMA. B: Structure of PMOTAC (X=Cl) and PMOTAI (X=I). 
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Due to its nature as a weak base, the cloud point of PDMAEMA is adjustable with pH.380, 
382, 385-387 The cloud point increases as the polymer becomes more charged, i.e. pH 
decreases. Above pH 9, the molecular weight of the polymer has a significant effect on 
Tc.
382 In less basic conditions, the charging of the polymer is the dominating factor that 
determines Tc. The enthalpy of transition increases with increasing Tc
386, 387 The pH-Tc 
relationship is not limited to PDMAEMA; similar behavior has also been observed for 
other poly(2-(dialkylamino)ethyl methacrylates).380, 388, 389 
In the presence of multivalent counterions, PDMAEMA develops an UCST behavior 
at values of pH in which the polymer is protonated.390, 391 The same phenomenon has been 
observed for quaternized PDMAEMA392, 393 and other polycations394, 395 with multivalent 
counterions. It has been shown that both protonated PDMAEMA and PMOTAC can form 
water-insoluble systems with hydrophobic monovalent counterions, including NTf2.
109, 396, 
397 
1.3.4. Thermoresponsive PILs 
A few examples of PIL-homopolymers with thermosensitive behavior in aqueous solution 
have been reported.398 
One report has been published prior to the work described in this thesis, which 
describes PILs with UCST-type behavior in water. This was done by Yoshimitsu et al., 
who studied imidazolium-derivatized vinyl ethers with various counterions.399 They found 
that the polymers with BF4
- show UCST, which can be influenced with addition of salts 
and with different end groups. The Tc was below 40 °C in every case. ILs with UCST-like 
phase transition in water are also known.400-403 The cloud points for ILs do not indicate 
complete, but only partial immiscibility.400, 401 
More examples of PILs with LCST-type transition exist. These are often sulfonate 
group containing polyanions with a cation familiar from ILs, often tetraalkyl 
phosphonium.190, 404-408 The cloud points can be varied by varying the hydrophobicity of 
the cation.404, 405 The transition temperatures are highly dependent on polymer 
concentration and added salts. 190, 405-407  
It is also possible to observe a LCST transtition for a strong polycation based systems, 
poly(trialkyl-l-4-vinylbenzylphosphoniums) or poly(trialkyl-l-4-vinylbenzylammoniums) 
with alkylsulfonate anions.409, 410 Tcs of these systems are highly dependent on polymer 
concentration and the addition of salts. In addition to that, LCST behavior can be induced 
for polycations by temperature-sensitive host-guest interactions, much like what is also 
possible for UCST-systems.411 
LCST-type of phase transition can also exist for ILs. 405, 406, 409, 412 This is possible by 
combining anions and cations with suitable hydrophilicity or hydrophobicity.413 
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1.3.5. PIL-PNIPAm Copolymers 
A relevant, though scarcely studied, topic in the framework of this thesis are PIL-PNIPAm 
copolymers.  
Relatively few studies utilizing random copolymers of NIPAm and an IL-monomer 
have been made.187, 346, 414, 415 The main finding has been that Tc increases with increasing 
fraction of charged monomer and may disappear completely with relatively low content of 
IL-monomer in a salt free solution.187 Screening the charges with salts reduces the 
magnitude of the effect to be far less dramatic. Practically the same result has been 
achieved by copolymers of NIPAm with other strongly charged monomers that are not 
ILs.416-419 
Some examples of block copolymers of NIPAM and ILs have been reported. Tauer et 
al. studied block copolymer of a PIL and PNIPAm, which could form core-shell particles 
either by salting out the PIL block or by heating the PNIPAm block above its Tc.
420 They 
later added a poly(methyl methacrylate) block to a similar PIL-PNIPAm copolymer and 
found out that the hydrophobic block significantly decreases the transition temperature of 
PNIPAm.421 Yuan et al. showed that PIL-PNIPAm block copolymers form core-shell 
structures with either increasing temperature or ionic strength.422  
If the PIL block is hydrophobic enough, PIL-PNIPAm block copolymers may form 
aggregates already at room temperature, even with bromide as a counterion.423-425  Similar 
systems have been synthesized by grafting preformed PIL-particles with PNIPAm425, 426, 
and by crosslinking NIPAm-vinylimidazole random copolymers with dibromoalkanes427.  
1.3.6. Copolymers with Soluble-Insoluble-Soluble Transitions in Water 
A few studies describing copolymers that have an UCST-type Tc above a LCST-type Tc in 
water have been published. This kind of a system is sometimes described to have “soluble-
insoluble-soluble” (S-I-S) transitions.428, 429 Some reports on systems with “insoluble-
soluble-insoluble” have been published, but these are not relevant in the framework of this 
thesis.390, 430 
There is only one S-I-S system known to the author that utilizes a copolymer of 
NIPAm. Bokias et al. reported a NIPAm-acrylic acid copolymer that displays S-I-S 
behavior at low pH and high ionic strength.431 A copolymer of diethyl acrylamide (DEA) 
and acrylic acid displays this behavior under similar conditions, as well.432 This is natural, 
since poly(diethyl acrylamide) has a rather similar phase behavior as PNIPAm.433  
The S-I-S transition of the copolymers is due to the UCST-type transition of acrylic 
acid under similar conditions.358 Also other systems with S-I-S that contain acidic 
monomers have been reported.428, 434 
A series of copolymers with S-I-S transitions was studied by Longenecker et al., who 
synthesized copolymers of 2-hydroxyethyl methacrylate (HEMA).429 Homopolymers of 
HEMA undergo molecular weight-dependent LCST-type phase transition with low 
degrees of polymerization, but are insoluble in water with DP above 50.435 Copolymers of 
HEMA with various cationic monomers had S-I-S transitions in aqueous NaCl 
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solutions.429 The thermoresponsive properties of the polymers could be varied by NaCl 
concentration, copolymer composition, copolymer concentration, and addition of urea.  
Block copolymers of monomers that can interact by hydrogen bonding may have S-I-S 
transitions.436  
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2. Objectives of This Study 
The objective of article I was to gain knowledge of the associates formed by diblock 
copolymers with a water-insoluble PIL block and with an electroneutral water soluble 
block in aqueous solution.  
It was observed that the blocks clearly interact with each other. An attempt to further 
understand these interactions and study their effect on the structures of the associates at 
elevated temperatures was the objective of article II. 
The testing of the idea of inducing PIL-like behavior for PDMAEMA by introducing 
NTf2 to a polymer solution and further manipulation of the interactions by pH was the 
objective of article III. The observation of the existence of UCST for highly charged 
PDMAEMA called for deeper understanding and was studied in article IV. 
The objective of the study that led to article V was to reproduce similar behavior that 
was observed for PDMAEMA in article III, but by separating the ionic and thermal 
responses to different repeating units. This allowed more freedom in setting the cloud 
point than was possible with PDMAEMA. It was hypothesized, that S-I-S transitions 
might appear at some ratio of the repeating units and concentrations of salts. 
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3. Experimental 
This section only qualitatively describes the experimental methods used in the thesis. The 
exact descriptions can be found from the respective publications. 
3.1. Syntheses 
All the polymers have been synthesized with controlled radical methods. In publications I 
and II also the IL-monomers were synthesized by the author. All the polymerizations and 
some of the syntheses of small molecular weight compounds were performed under 
nitrogen atmosphere. 
3.1.1. Block CopolymersI, II 
The diblock copolymers with water-insoluble block with BF4
- as counter ion were 
synthesized as described in scheme 8. The monomer synthesis was adapted from the 
literature with some modifications.437 First, the IL-monomer 2-(1-butylimidazolium-3-
yl)ethyl methacrylate bromide (IL-A Br) with bromide as counter ion was synthesized 
with standard organic reactions. IL-A Br was then precipitated from water with NaBF4 to 
yield the water-insoluble monomer 2-(1-butylimidazolium-3-yl)ethyl methacrylate 
tetrafluoroborate (IL-A). The monomer was then polymerized in acetonitrile (MeCN) by 
RAFT, with (4-Cyanopentanoic acid)-4-dithiobenzoate (CPA) as CTA. The 
polymerization was initiated with azobis(cyanopentanoic acid) (ACPA). This polymer, 
poly(2-(1-butylimidazolium-3-yl)ethyl methacrylate tetrafluoroborate) (PIL-A), was then 
used as a macro-CTA in the synthesis of block copolymers with PNIPAm blocks of 
varying lengths to yield poly(2-(1-butylimidazolium-3-yl)ethyl methacrylate 
tetrafluoroborate)-block-poly(N-isopropyl acrylamide) (PIL-A-PNIPAm).  
Also, a polymer of IL-A Br, poly(2-(1-butylimidazolium-3-yl)ethyl methacrylate 
bromide) (PIL-A Br) was synthesized and used as a macro-CTA to yield a block 
copolymer with PNIPAm, poly(2-(1-butylimidazolium-3-yl)ethyl methacrylate bromide)-
block-poly(N-isopropyl acrylamide) (PIL-A Br-PNIPAm). 
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Scheme 8. Synthesis of PIL-A and PIL-A-PNIPAm.I 
The water soluble triblock copolymers with PNIPAm were synthesized by ATRP.  Copper 
chloride salts with Me6TREN as a ligand were used as a catalyst system. Difunctional 
initiator, diethyl meso-2,5-dibromoadipate (DEDBrA) was used as an initiator in water-
dimetylformamide (DMF) solution to first polymerize a long PNIPAm homopolymer 
(PNIPAm-1). PNIPAm-1 was then used as a macroinitiator in the synthesis of poly(3-
methyl-1-(4-vinylbenzyl)-1-imidazolium chloride)-block-poly(N-isopropyl acrylamide)-
block-poly(3-methyl-1-(4-vinylbenzyl)-1-imidazolium chloride) (Block-1 and Block-2) 
with SARA ATRP,  using metallic copper in a mixture of water and methanol (MeOH). 
The syntheses of PNIPAm and the two block copolymers are illustrated in scheme 9.  
Also shown in scheme 9 is the synthesis of IL-monomer 3-methyl-1-(4-vinylbenzyl)-1-
imidazolium chloride (IL-B), which was used in the synthesis of the block copolymers. It 
was synthesized by the reaction between p-chloromethylstyrene (ClMeSt) and methyl 
imidazole. This monomer was also homopolymerized by SARA ATRP with the same 
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initiatior, DEDBrA, to yield poly(3-methyl-1-(4-vinylbenzyl)-1-imidazolium chloride) 
(PIL-B-1). 
 
Scheme 9. Synthesis of PNIPAm-1, Block-1, and Block-2. X=Cl or Br. PIL-B-1 and the two block 
copolymers contain the same initiator fragment in the middle as PNIPAm-1, but these have been 
omitted for clarity. II 
3.1.2. Cationic HomopolymersIII, IV 
A batch of PMOTAI (PMOTAI-1) and a second batch of PIL-B (PIL-B-2) for article IV 
were synthesized by post-polymerization modification of PDMAEMA-2 with 
iodomethane and poly(p-chloromethylstyrene) (PClMeSt) with methyl imidazole, 
respectively. CPA was used as a CTA for PDMAEMA-2 and the reaction with 
iodomethane was conducted with a method adapted from Plamper et al.393 ClMeSt was 
polymerized to PClMeSt-1 using 2-cyano-2-propyldodecyl trithiocarbonate (CPDTC) as a 
CTA. The polymer used in the post-modification (PClMeSt-2) was obtained by removing 
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the hydrophobic end groups with an excess of azobis(isobutyronitrile) (AIBN), according 
to the method of Perrier et al.50 AIBN was used to initiate both polymerizations.  
PDMAEMA-1 for article III was synthesized similarly as PDMAEMA-2, but with 
ACPA as an initiator and with reaction temperature 100 °C. 
The synthetic routes for the polymers for article IV are drawn in scheme 10 along with 
the two counter ions that were used in the study of their solutions properties (see 
discussion below). 
Scheme 10. Structure and synthesis of PMOTAI-1 and PIL-B-2. Also structures of the counter ions 
NTf2 and OTF are shown. PDMAEMA-1 was synthesized similarly as PDMAEMA-2, but with 
ACPA as initiator and reaction temperature 100 °C.  
3.1.3. Cationic Copolymers of NIPAmV 
Also copolymers of NIPAm and cationic (3-acrylamidopropyl) trimethylammonium 
chloride (AMPTMA) were synthesized (scheme 11). The polymerizations were initiated 
with ethyl 2-chloropropionate (EClPr). Varying ratios of the monomers were used for the 
copolymers (CPs), but the monomer/initiator ratio was kept at 100. With poly((3-
acrylamidopropyl) trimethylammonium chloride) (PAMPTMA-1) the ratio was 50, due to 
the high molecular weight of the monomer. PNIPAm-2 was synthesized similarly to the 
CPs, but no CuCl2 was used. 
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Scheme 11. Synthesis of the CPs. For PNIPAm-2 y=0 and x=0. For PAMPTMA-1 z=0 and x=1. 
3.2. Characterization of the Polymers 
The structures of the polymers were confirmed by 1H nuclear magnetic resonance 
spectroscopy (1H NMR). NMR was used also to determine the ratios of comonomers in 
both blockI,II and random copolymersV. In some occasions NMR was used to calculate the 
degrees of polymerization by end group analysis.I,III,V The NMR-instruments that were 
used in this study were a 200 MHz Varian Gemini 2000, a 300 MHz Varian Unity 
INOVA, and a 500 MHz Bruker Avance III 500.  
Two systems were used for size exclusion chromatography (SEC). The first system, 
which was used in the majority of cases, consisted of a Waters 515 HPLC-pump, Waters 
Styragel columns and a Waters 2410 refractive index (RI)-detector. The eluent was either 
tetrahydrofuran (THF), THF with 1 % of tetrabutylammonium bromide (TBAB), or DMF 
containing 1 % of LiBr. The system was calibrated either with poly(methyl methacrylate) 
(PMMA) standards or polystyrene (PS) standards. 
The second system consisted of a Waters 515 HPLC-pump, Waters Ultrahydrogel 
columns and Waters 2410 RI detector. The samples were run in 0.8 M aqueous NaNO3 
with 3 % of acetonitrile. The system was calibrated with poly(ethylene oxide) standards. 
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI) 
was conducted using a Bruker MicroFlex instrument. Solutions of the sample, the matrix, 
and the cationizing agent were mixed. A small amount of the mixed solution was injected 
on the sample plate and allowed to dry. Either 2,5- dihydroxy benzoic acid (DHB) or 
trans-3-indoleacrylic acid (IAA) were used as the matrix. The cationizing agent was NaBr, 
NaBF4, or sodium trifluoroacetate (NaTFA). 
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3.3 Solution Properties 
3.3.1. Sample Preparation 
The samples for transmittance measurements of PDMAEMA-1, PMOTAI-1, PIL-B-2, 
PAMPTMA-1, PNIPAm-2, and the CPs were made by first mixing all other additives and 
then adding the polymer as a 10 mg/mL stock solution with vigorous stirring.III-V The 
PDAMEMA-1 solutions were buffered, unless otherwise noted. Similarly made samples 
were also used for differential scanning microcalorimetry (micro-DSC).III,V 
Stock solutions with concentration of 1 mg/mL of PNIPAm-1, Block-1, and Block-2 
were directly dissolved in water and stored in a fridge.II  The other samples were diluted 
from these solutions. The stock solutions were used in micro-DSC and zeta potential 
measurements. 
Micelles of PIL-A-PNIPAm-block copolymers were made by solvent exchange from 
DMF to water by dialysis. The concentrations of the micelles were determined 
gravimetrically. 
3.3.2. Transmittance MeasurementsII-V 
Transmittance as a function of temperature was measured with a JASCO J-815 CD 
spectrometer equipped with a PTC-423S/15 Peltier-type temperature control system. The 
transmittances of the samples were monitored at wavelength 600 nm. The samples were 
heated or cooled with rate of 1 °C/min and the samples were stabilized at the starting 
temperature for either 30 minutes II, III, IV or 10 minutesV. The cloud points were defined as 
the intersection of two tangents as illustrated in figure 1. Unless otherwise noted, the 
transition temperature was always determined by approaching from the soluble side, i.e. 
LCST-type Tc (TcL) from a heating curve and UCST-type Tc (TcU) from a cooling curve. 
All samples were degassed in vacuum prior to measurements. 
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Figure 1. Illustration of determination of cloud points. 
3.3.3. CalorimetryI-III, V 
Micro-DSC measurements were conducted with MicroCal VP-DSC microcalorimeter. The 
concentration was always 1 mg/mL for polymer solutions. The PIL-A-PNIPAm-micelles 
were measured as prepared. Micro-DSC was used to determine the temperature of 
maximum heat capacity (Tmax) and the enthalpy change of the transition (ΔH) as illustrated 
in figure 2. The samples were degassed before measurements. The values for enthalpies 
and heat capacities are reported per mole of thermoresponsive repeating units. The heating 
rate was 1 °C/min. 
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Figure 2. Illustration of definition of Tmax and ΔH. 
3.3.4. Dynamic Light ScatteringI-III 
Dynamic light scattering (DLS) was measured with Brookhaven Instruments BI-200SM 
goniometer, a BI-9000AT digital correlator and a Coherent Sapphire laser 488-100 CDRH 
operating at the wavelength of 488 nm. Temperature was controlled with a Lauda RC 6 
CP thermostat. The scattering angle was 90 °, unless otherwise noted.  
The micellar solutions were allowed to equilibrate for 5 minutes at each temperature.I 
The solutions of Block-1 and Block-2 were kept in an oven at 50 °C overnight.II All of the 
samples of a given block copolymer were put to the oven at the same time. 
All the light scattering samples were membrane-filtered to cleaned cuvettes.  
3.3.5. Zeta potentialI, II 
Zeta potentials were measured with Malvern Instruments ZetaSizer Nano-ZS equipped 
with a 4 mW He.Ne laser operating at wavelength 633 nm. The temperature was changed 
stepwise and the samples were equilibrated for 10 minutes at each temperature before 
measurements. In some cases, also the hydrodynamic radii of the particles were measured 
in the same time. 
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3.3.6. Cryo-EMI 
Electron cryomicroscopy (cryo-EM) was performed with a FEI Tecnai F20 microscope 
operated at 200 kV. The images were recorded with a Gatan US4000 CCD camera at a 
magnification of 68,000×. The samples were vitrified with liquid ethane and a Gatan 626 
cryo-holder maintained at -180 °C was used.  
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4. Results and Discussion 
This section discusses the key aspects of the results. All the figures and tables have been 
marked with the number of the article where the data was originally published. 
4.1. Syntheses 
The basic molecular properties of the synthesized polymer are presented in this 
subsection. More discussion about the syntheses of the polymers is given in the articles. 
Examples of NMR spectra, MALDI spectra, and SEC chromatograms are shown in the 
publications. 
4.1.1. Block CopolymersI, II 
After its successful synthesis, IL-A was polymerized to PIL-A. The polymerization 
proceeded with first order kinetics. The degree of polymerization for this polymer was 
found to be 24 by end group analysis by NMR. PIL-A was then used as a macro-CTA in 
the syntheses of four diblock copolymers with PNIPAm blocks of varying lengths. The 
lengths of the PNIPAm blocks were calculated from the NMR spectra, taking into account 
the length of the PIL-A block. Similar methodology was used to synthesize also the PIL-A 
Br polymer, which was used as a macro-CTA in the synthesis of one block copolymer. 
The characteristics of the polymers are summarized in table 1. The subscripts in the names 
of the polymers denote the block lengths, e.g. PIL-A24-PNIPAm59 contains a PIL-A block 
with DP 24 and a PNIPAm block with DP 59. 
Table 1. Macro-CTAs and diblock copolymers by RAFT.I 
Polymer CTA Mn 
(MALDI)(kg/mol) 
Mw/Mn 
(MALDI) 
Mn 
(NMR)(kg/mol) 
PIL-A24 CPA 5.5 1.1 8 .0 
PIL-A24-PNIPAm14 PIL-A24 8.1 1.09 9 .6 
PIL-A24-PNIPAm26 PIL-A24 9.1 1.13 11.0 
PIL-A24-PNIPAm59 PIL-A24 18.3 1.03 14.7 
PIL-A24-PNIPAm88 PIL-A24 26.2 1.07 18.0 
PIL-A43 Br CPA 26.8 1.09 13.9 
PIL-A43Br-PNIPAm105 PIL-A43-Br 38.6 1.08 25.8 
 
The triblock copolymers were synthesized using PNIPAm-1 as a difunctional 
macroinitiator. The lengths of the blocks were measured by calculating the DP of 
PNIPAm-1 from SEC to be 542 and then using NMR to determine the block lengths.  
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Limited success was met in the attempt to measure the molecular weights of the block 
copolymers by SEC. Although the counter ion was changed in situ to NTf2, which is 
known to improve the organosolubility of polycations in general109, the measured 
molecular weights are obviously too small. The distributions are narrow, however. The 
molecular properties of the PNIPAm-1, Block-1, Block-2, as well as PIL-B-1, which was 
synthesized for comparison, are listed in table 2. 
Table 2. Difunctional macroinitiators and triblock copolymers by ATRP.II 
Polymer DP(PIL) Mn (kg/mol) Mw/Mnc Mn(tot.)d(kg/mol) 
PNIPAm-1 - 61.3c 1.17c 61.3 
Block-1 25a 59.0c 1.16c 73.1 
Block -2 44a 57.1c 1.18c 81.9 
PIL-B-1 112b 26.6b 1.03 b 26.6 
a. From NMR. b. From MALDI. c. From SEC in DMF with 1 % of LiBr, PMMA-standards. d. Total Mn, 
taking into account all blocks, using the DP from NMR of the PIL-blocks. 
4.1.2. Cationic HomopolymersIII, IV 
Two batches of PDMAEMA were synthesized with the same CTA, but with different 
initiators and reaction temperatures (see experimental). The molecular weight of 
PDMAEMA-2 is slightly higher and the distribution is narrower. Also PClMeSt-1 was 
synthesized and the end group was modified to yield PClMeSt-2. PClMeSt-2 and 
PDMAEMA-2 were used to synthesize the strong polycations, PMOTAI-1 and PIL-B-2, 
both modifications proceeding in a quantitative fashion. The molecular weights of the 
polymers are listed in table 3. 
Table 3. Characteristics of the Homopolycations.III, IV 
Polymer Mn (kg/mol) Mw/Mn 
PDMAEMA-1 24.1a 1.34a 
PDMAEMA-2 27.4a 1.07a 
PMOTAI-1 51.9c - 
PClMeSt-1 15.4b 1.24b 
PClMeSt-2 16.4b 1.32b 
PIL-B-2 25.1c - 
a. Determined with SEC in THF with 1 % of TBAB, PMMA standards. b. Determined with SEC in THF, PS 
standards. c. Calculated from the precursor polymer. 
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4.1.3. Cationic Copolymers of NIPAmV 
The CPs were synthesized by copolymerization of NIPAm and AMPTMA in various 
ratios. The mole fraction of AMPTMA in the reaction mixture (f(NMR)) was determined 
by NMR. The mole fraction of AMPTMA-repeating units in the final copolymer (F) and 
f(NMR) are in a good agreement.  The molecular weights obtained by different methods 
vary, but it can be concluded that all the polymers are of similar size and the distributions 
are narrow. The CPs have been named after their AMPTMA-content, e.g. CP-17 contains 
17 mol-% of AMPTMA. The characteristics of the copolymers are summarized in table 4.  
Table 4. Cationic Copolymers of PNIPAm and the Corresponding Homopolymers.V 
Polymer f(NMR)a 
(%) 
Fb 
(%) 
Mn (SEC, DMF)c 
(kg/mol) (Mw/Mn) 
Mn (SEC,aq)d 
(kg/mol) (Mw/Mn) 
Mn (NMR)e 
(kg/mol) 
PAMPTMA-1 100 100 insoluble 2.92 (1.12) 8.93 
PNIPAm-2 0 0 17.5 (1.28) 1.36 (1.07) 7.94 
CP-8 8.05 7.82 24.9 (1.18) 5.90 (1.28) 11.0 
CP-17 18.1 17.1 28.0 (1.21) 10.4 (1.32) 11.3 
CP-26 28.1 26.4 23.6 (1.18) 9.13 (1.31) 12.2 
CP-46 49.5 46.2 18.0 (1.16) 10.0 (1.26) 12.5 
CP-65 68.7 65.3 insoluble 9.59 (1.19) 13.6 
a. Mole fraction of AMPTMA in the reaction mixture by NMR b. Mole fraction of AMPTMA in the 
copolymer by NMR. c. Measured in DMF with 1 % of LiBr after ion exchange with NTf2. Calibrated with 
PMMA standards. d. Measured in 0.8 M aqueous NaNO3. Calibrated with poly(ethylene oxide) standards. e. 
From NMR-spectra using end-group analysis. 
 
In the syntheses of the CPs, the conversion of the reaction was always above 85 %. 
Because of the high conversion, the agreement between f(NMR) and F does not indicate 
the formation of a random copolymer. However, while optimizing the reaction conditions, 
it was found out that regardless of the ratios of the comonomers or conversions, f(NMR) 
and F are always similar. This indicates that the polymerizations are random, which is 
important since it is known that the chain microstructure can have a large impact on the 
thermosresponsive properties of copolymers.345, 371, 438 
4.1.4. Naming of the Polymers 
In order to increase the readability of this thesis, the names of the studied polymers are 
different from those used in the articles. To reduce the confusion of the reader, the names 
of the products in the thesis and the corresponding names in the articles are given in table 
5. The reader can use the table as a reference for the location of the synthetic details of 
each polymer. 
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Table 5. Summary of the synthesized polymers. 
Name in the thesis Article Name in the article 
PIL-A24 I PIL24 
PIL-A24-PNIPAm14 I PIL24-PNIPAM14 
PIL-A24-PNIPAm26 I PIL24-PNIPAM26 
PIL-A24-PNIPAm59 I PIL24-PNIPAM59 
PIL24-PNIPAm88 I PIL24-PNIPAM88 
PIL-A43 Br I PIL43- Br 
PIL-A43 Br-PNIPAm105 I PIL43- Br -PNIPAM105 
PNIPAm-1 II PNIPAm-1 
Block-1 II Block-1 
Block -2 II Block -2 
PIL-B-1 II PIL-1 
PDMAEMA-1 III PDMAEMA 
PDMAEMA-2 IV PDMAEMA 
PMOTAI-1 IV PMOTAI 
PClMeSt-1 IV PClMeSt 1 
PClMeSt-2 IV PClMeSt 2 
PIL-B-2 IV PIL-1 
PAMPTMA-1 V PAMPTMA-1 
PNIPAm-2 V PNIPAm-1 
CP-8 V CP-8 
CP-17 V CP-17 
CP-26 V CP-26 
CP-46 V CP-46 
CP-65 V CP-65 
4.2. Solution Properties of the PNIPAm and Its Block CopolymersI 
,II, V 
It is worth emphasizing that the PIL-block in Block-1 and Block-2 is water soluble, but in 
the case of PIL-A-PNIPAm-block copolymers, the PIL macro-CTA is not. Also, two 
batches of PNIPAm homopolymers were synthesized and characterized. 
4.2.1. Enthalpy of Transition in Pure WaterI ,II, V 
As the phase transition of PNIPAm has been the most studied topic in this thesis, it is 
appropriate to show examples of that first (figure 3). The effect of the more hydrophilic 
initiator fragments and lower molecular weight of PNIPAm-2 can be seen as higher phase 
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transition temperature and lower ΔH. All the micro-DSC results for the PNIPAm and 
block copolymer solutions in pure water are summarized in table 6. 
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Figure 3. Micro-DSC-curves for PNIPAm-1 (solid) and PNIPAm-2 (dashed).II, V 
The block copolymer micelles show phase transition temperatures and enthalpies that are 
dependent on DP of the PNIPAm block (figure 4 and table 6).   
Table 6. Micro-DSC results for PNIPAm homopolymer and block copolymers 
Polymer Tmax (°C) ΔH (kJ/mol)a  Article 
PNIPAm-1 34.9 6.4 II 
PNIPAm-2 37.4 6.0 V 
PIL-A24-PNIPAm59-micelles 39.9 0.50 I 
PIL24-PNIPAm88-micelles 36.4 1.0 I 
Block-1 34.6 4.6 II 
Block-2 34.6 5.2 II 
Mix-1 34.6 5.2 II 
Mix-2 34.7 5.2 II 
a. Normalized to NIPAm repeating units. 
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Figure 4. Micro-DSC curves for micelles of PIL24-PNIPAm59 (solid) and PIL24-PNIPAm88 
(dashed).I  
The two block copolymers with lowest DP of PNIPAm-block, PIL-A24-PNIPAm14 and 
PIL-A24-PNIPAm26, did not show phase transition of any kind. This, together with the 
strong DP-dependency of the transition, implies that there is a part of the PNIPAm chain 
in all of the block copolymers, the length of this part is higher than 26, but lower than 59, 
which is not able to undergo phase transition. This may be due to crowding near the 
particle surface, so that there is no room for the chain to collapse.  
More probably, the phase transition is not observed due to the interaction between the 
NIPAm repeating units and the PIL-units. It has been shown that ILs with BF4
- as counter 
ion decrease the TcL of PNIPAm in water due to weakening of the hydrogen bonds 
between PNIPAm and water.439-441 The effect is mostly caused by the anion.441, 442 At high 
concentrations, the IL saturates all the hydrogen bonding sites of PNIPAm and causes the 
LCST behavior to disappear. The local concentration of IL repeating units, and therefore 
the concentration of BF4
- anions in the block copolymer micelles near the surface is high, 
and thus the first NIPAm units might not be hydrated at all. The low enthalpies of the 
transition for the micelles indicate that even for the part of the chain that can undergo 
phase transition, the amount of hydrogen bonds to water is reduced. 
The triblock copolymers Block-1 and Block-2 which contain water soluble PIL-B-
blocks also show a decrease in the enthalpy of transition compared to the macroinitiator 
used in their synthesis, PNIPAm-1 (figure 5 and table 6). This indicates interactions 
between the blocks. The decrease is higher for Block-1, although the PIL-B-block in the 
copolymer is shorter, which is probably due to different kind of aggregates formed at the 
collapsed state (see discussion below).  
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Figure 5. Micro-DSC curves for PNIPAm-1 (black), Block-1 (red) and Block-2 (blue).II 
The existence of interactions was also confirmed in two physical mixtures of PNIPAm-1 
and PIL-B-1, Mix-1 and Mix-2, which have the same ratios of repeating units as Block-1 
and Block-2, respectively. In this case, the interactions seem to saturate already with small 
amounts of PIL-B-1, since both mixtures gave the same enthalpy change of transition 
(table 6). Nevertheless, this confirms that interactions between the repeating units exist. 
4.2.2. Block Copolymer AggregatesI, II 
The micelles of PIL-A24-PNIPAm59 and PIL-A24-PNIPAm88, show PNIPAm-like 
thermoresponsive behavior in light scattering measurements (figure 6). The transition 
temperatures obtained from light scattering are in a good agreement with the values 
obtained from the micro-DSC experiments. No phase transition could be observed for 
micelles of the two shorter block copolymers, which is in line with micro-DSC results.  
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Figure 6. Hydrodynamic radii (Rh) (filled symbols) and intensity of scattered light (empty 
symbols) as a function of temperature for PIL-A24-PNIPAm59 (■) and PIL-A24-PNIPAm88 (●).
I 
Also Block-1 and Block-2 have PNIPAm-like behavior (figure 7). They evidently first 
form loose aggregates, since the sizes go through a high maximum before settling to a 
constant value, close to that of PNIPAm-1. The formation of loose aggregates is most 
probably due to electrostatic repulsions since the phenomenon is much more pronounced 
for Block-2, which has a longer PIL-B-block. 
Surprisingly, also the homopolymer PIL-A24 can form stable particles in water, 
although the polymer itself is not soluble in water. The particles retain their size over the 
studied temperature range and they are electrostatically stabilized with highly positive zeta 
potentials (figure 8). 
The stability of the PIL-A24 particles is explainable by contributions of two different 
effects, which both make the surface to have different counter ions than the bulk of the 
particle. The fact that even very small, few millimolar, concentration of NaBF4 is enough 
to precipitate the particles from water supports this explanation. This cannot be due to 
electrostatic screening, since the increase in ionic strength is negligible. 
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Figure 7. Rh as a function of temperature for PNIPAm-1 (■), Block-1 (●) and Block-2 (▲). 
Polymer concentrations were 1 mg/mL.II 
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Figure 8. Hydrodynamic radius (■) and zeta potential (●) as a function of temperature for PIL-
A24-particles in water. 
I 
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The first effect arises from the instability of BF4
- anions which produce hydrophilic 
fluoride anions. This process invariably happens when BF4
- comes into contact with 
water.169, 170, 175, 178 It has been shown that PIL-systems with hydrophilic anions partially 
exchanged to hydrophobic ones are able to self-assemble to stable particles in water, even 
by direct mixing.244 The careful solvent exchange probably leads to enrichment of the 
fluoride anions on the surface. 
The second contributing factor probably is the partial ion exchange of the BF4
- to 
HCO3
- which is produced from dissolved carbon dioxide. The exchange happens on the 
particle surface. Similar effect has been observed to stabilize emulsion-polymerized 
particles of PMOTAC with NTf2 as a counter ion.
233 
The zeta potentials of PIL-A24-PNIPAm59 and PIL-A24-PNIPAm88 micelles increase 
suddenly with increasing temperature (figure 9). This increase is due to the phase 
transition of the block copolymers, as it begins at the temperature where the scattering 
intensity starts to increase. This can be rationalized by the PNIPAm moving inside the 
aggregates and PIL-A-blocks getting more exposed. 
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Figure 9. Zeta potential (filled symbols) and intensity of scattered light (empty symbols) as a 
function of temperature for PIL-A24-PNIPAm59 (■) and PIL-A24-PNIPAm88 (●).
I 
Also the zeta potentials of Block-1 and Block-2 increase during the phase transition 
(figure 10). This is due to the hydrophilic PIL-B-blocks forming a shell around the 
aggregated PNIPAm at elevated temperatures. Practically identical behavior has been 
observed for diblock copolymers of PNIPAm and PAMPTMA.443 The negative zeta 
potential of PNIPAm might be due to the absorption of OH- -ions444-450  or traces of 
carboxylic acid impurities451, 452, which are the proposed reasons for the negative charge of 
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hydrophobic surfaces in water. Either way, the negative charge may contribute to the 
interactions between PNIPAm and the cationic PIL-B-blocks and PIL-B-1–homopolymer, 
which were observed by micro-DSC. 
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Figure 10. Zeta potential as a function of temperature for PNIPAm-1 (■), Block-1 (●) and Block-2 
(▲).II 
It was possible to image the PIL-A24-PNIPAm59-micelles directly by cryo-EM (figure 11). 
The sample contained multiple practically identical aggregates. The aggregates are larger 
than could be expected from light scattering results (figure 6). 15 mM of NaBF4 needed to 
be added to the samples for the imaging and this may have affected the structures. 
Figure 11 shows complex aggregates that consist of multiple smaller micelles. 
Amphiphilic polymers with hydrophobic side chains have been observed to form similar 
bicontinuous spherical aggregates in water.453-455 The PIL-A-24-PNIPAm59 is an analogous 
case, with the hydrophobic side chains emerging from the IL-A-units.  
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Figure 11. Cryogenic electron micrographs of two different PIL-A24-PNIPAm59 micelles from the 
same sample in aqueous 15 mM NaBF4. The scale bar seen in bottom-left corner is 100 nm in both 
cases.I 
PIL-A-PNIPAm-micelles were made by solvent exchange from DMF to water. It has been 
shown that similar aggregates of an amphiphilic diblock copolymer as in figure 11 may or 
may not form depending on the quality of the original solvent for the blocks.456 It is 
therefore possible that the structure of the aggregates may be a product of using DMF as 
the original solvent and other solvents would produce other morphologies. 
Based on light scattering results, under high dilution at 50 °C (figure 12) Block-1 and 
Block-2 may form structures somewhat similar to those described in figure 11.  The main 
difference is that Block-2 aggregates are smaller and spherical whereas Block-1 forms 
aggregates that consist of smaller globules connected to each other.  The aggregates were 
formed by heating the solutions fast, so it is improbable that they are equilibrium 
structures.  
The difference in the structures of the aggregates may be due to the different lengths of 
the PIL-B-blocks of the triblock copolymers. Block-1 does not have a PIL-B-block long 
enough to glue the smaller spheres to a big one and stabilize it. The formation of different 
types of aggregates at temperatures above TcL may very well be the cause for the different 
enthalpy changes of phase transition observed in micro-DSC (table 6). 
Another contribution to the difference in the aggregation behavior may arise from the 
different macomolecular architectures of the two block copolymers. This may have an 
impact on the structure of the aggregates.457, 458  It was observed that both IL-A and IL-B 
form insoluble material that can be swollen with solvents during storage. This material is 
most likely due to exchange of substituents between the imidazolium rings known as 
“alkyl scrambling”.166, 168, 459-461 A small amount of a monomer with two polymerizable 
groups causes branching during controlled radical polymerization.462-464 Alternatively, 
polymers with more than one PNIPAm-block may form.  
 
  
 
 
52 
0
100
200
0 10 20 30 40
P
-1
(q
)
(qRg)
2
hard sphere
Guinier
(spherical)
coil
rod
c (mg/mL)

●

0.0020
0.0025
0.0030
Rh
0° (nm)
127
145
205
Rg (nm)
103
127
191
Rg / Rh
0°
0.81
0.87
0.93
A.
1
1,5
2
2,5
0 1 2 3
P
-1
(q
)
(qRg)
2
hard sphere
Guinier
(spherical)
coil
rod
c (mg/mL)
Δ
○

0.0030
0.0035
0.0077
Rh
0° (nm)
59
57
66
Rg (nm)
46
43
51
Rg / Rh
0°
0.78
0.76
0.77
B.
 
Figure 12. Angular dependence of the LS intensity and corresponding dimensions of aggregates 
formed by Block-1 (A) and Block-2 (B) in aqueous salt-free solutions at 50 ºC. p-1(q) is an inverse 
intensity of scattered light normalized by its value extrapolated to zero angle, i.e. R(q=0)/R(q).II 
4.3. Counterion-Induced UCST in WaterIII-V 
While studying the effect of NTf2 on TcL of PDMAEMA-1 it was observed that the 
polymer develops an UCST-type transition with a sufficient concentration of LiNTf2 when 
the solutions are buffered to pH 6 (figure 13). TcU was not observed at any pH, if the pH 
was simply adjusted with an acid or a base.  It has been reported that PDMAEMA with 
multivalent counterions can undergo an UCST type transition in a buffered, but not in an 
unbuffered solution.390. 
The polymer is more than half protonated at pH 6, since the apparent pKa
 of the 
conjugate acid of PDMAEMA-1 was observed to be 6.1 in a 1 mg/mL solution in pure 
water, which is in a good agreement with the value 6.2 obtained by Plamper et al. under 
similar conditions.382 In reality the degree of pronation in the buffer is higher than it 
seems, since the pKa of the conjugate acid of PDMAEMA has been shown to increase 
with ionic strength.384 
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The phenomenon shown in figure 13 led to the finding that it is possible to induce an 
UCST for polycations with anions that commonly turn ILs and PILs insoluble in water. 
The fact that the UCST-type phase transtiton is possible only in buffered solutions is due 
to the ionic strength of the buffer, not the buffer capacity. Based on these observations it 
can be understood that a certain amount of salt is needed to trigger the UCST behavior. 
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Figure 13. Transmittance as a function of temperature upon cooling 1 mg/mL solutions of 
PDMAEMA buffered to pH 6, with various amounts of LiNTf2. The relative amounts of LiNTf2 
given as mol-% relative to DMAEMA units. The absolute concentrations are given in 
parentheses.III 
4.3.1. Effect of NTf2 on TcUIV, V 
The possibility to induce an UCST with counter ions was mainly studied using NTf2. 
Initial testing with PMOTAI-1 and PIL-B-2 confirmed that a sufficient ionic strength is 
needed for the existence of the UCST-transition for polycations. NaCl was used for this 
purpose. With LiNTf2 as the only added salt, stable colloids formed. NaCl is needed to 
screen the charges so that the polycation and NTf2 cannot anymore “sense” each other and 
thus, the dissociation of the ion pairs is possible. Charge screening is also required in order 
to allow the polymers to form globules. 
TcU decreases with increasing concentration of NaCl when the amount of LiNTf2 is 
kept constant (figure 14). At higher NaCl concentrations TcU reaches a plateau, with the 
exact value of the TcU depending on the concentration of LiNTf2 in the solution. The 
affinity of NTf2 to the polycation is high; even when the NaCl concentration is 1000-fold 
to that of LiNTf2, TcU can still be observed. 
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Figure 14. TcU as a function of NaCl-concentration for 1 mg/mL solutions of PMOTAI-1 (filled 
symbols, solid lines) and PIL-B-2 (empty symbols, dashed lines) with 20 % (■), with 30 % (●), 40 
% (▲), 50 % (▼), and with 60 % (♦) of LiNTf2 relative to the concentration of repeating units. 
The absolute concentrations are given in parentheses next to each curve in black for PMOTAI-1 
and in red for PIL-B-2.IV 
The decrease of TcU with increasing NaCl concentration is due to the competition between 
NTf2 and chloride ion on the binding to the polycation. The equilibrium is reached at high 
NaCl concentrations. Alternatively, it is possible that the screening of the charges is 
complete at approximately 500 mM NaCl. The possibility to influence the TcU with NaCl 
makes this system flexible.  
The main factor that determines the TcU of PMOTAI-1 is the absolute concentration 
LiNTf2, not the relative amount to the polymer repeating units, although this also has an 
effect.  
As can be seen from figure 14, PIL-B-2 with LiNTf2 behaves qualitatively similarly to 
PMOTAI-1, but with higher TcU in a given concentration of LiNTf2. This is because PIL-
B is more hydrophobic than PMOTAI. Also samples with 10 % relative LiNTf2 
concentration was measured, but TcU was never observed. Thus when TcU for PIL-B-2 first 
appears, it is already relatively high. 
TcU can be induced also for PAMPTMA-1 with LiNTf2 and the value can be 
modulated with the concentration of NaCl in a similar fashion as was the case with 
PMOTAI-1 (figure 15). It is noteworthy that the concentrations of LiNTf2 needed to 
induce TcU for PAMPTMA-1 are several times of that needed for PMOTAI-1. This is due 
to the presence of the hydrophilic amide group in PAMPTMA, while PMOTAI is a less 
hydrophilic ester.  
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An interesting feature seen in figure 15 is that TcU of CP-65, which has a behavior very 
similar to PAMPTMA-1, is usually slightly lower compared to PAMPTMA-1.  This 
means that the NIPAm units in CP-65 are more hydrophilic at elevated temperatures than 
AMPTMA units in the presence of NTf2-ions.  
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Figure 15. TcU of 1 mg/mL solutions of PAMPTMA-1 (filled symbols, solid lines) and CP-65 
(empty symbols, dashed lines) as a function of LiNTf2-concentration with NaCl-concentrations of 
100 mM (●), 250 mM (▲), 500 mM (▼) and 750 mM (♦). Data for PMOTAI-1 (half-filled 
symbols, dotted lines) is shown for comparison. The lines are to guide the eye.IV, V 
TcU of PAMPTMA-1 is independent of polymer concentration in the range 0.1-1 mg/mL, 
i.e. TcU is only determined by the concentration of LiNTf2 at a given concentration of 
NaCl (figure 16). This is an observation of high importance, since it greatly simplifies the 
investigation of the copolymers with varying AMPTMA-contents. 
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Figure 16. TcU of PAMPTMA-1 in 100 mM NaCl with various concentrations of LiNTf2 as a 
function of polymer concentration. The LiNTf2 concentration is given above each series.
V 
4.3.2. Effect of OTf on TcUIV 
Although NTf2 is the main hydrophobic anion used to modulate the thermoresponsive 
behavior in this study, also OTf, as its lithium salt (LiOTf), was studied for comparison, 
first for PIL-B-2 (figure 17). It was immediately observed that more than a 20-fold 
concentration of LiOTf compared to the concentration of LiNTf2 is needed to induce an 
UCST-transition to PIL-B-2 (compare figures 14 and 17). Therefore, the ionic strength 
brought in by LiOTf is not negligible and TcU in figure 17 is presented as a function of 
total concentration of salts, not only concentration of NaCl like in figure 14.  
The need for higher concentrations of LiOTf compared to NTf2 can be explained by 
the higher hydrophilicity of the PIL-B-2-OTf system compared to PIL-B-2-NTf2-system. 
This is seen from the fact that although both NTf2 and OTf yield water-insoluble 
polycations109, the water solubility of small molecular organic salts with OTf as a counter 
ion is higher by far80, 84, 465.  
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Figure 17. TcU of 1 mg/mL aqueous PIL-1 with various concentrations of LiOTf (shown next to the 
lines as mM) as a function of total concentration of added salts. The dashed red line connects 
points with LiOTf as the only salt.IV 
The need for higher concentrations allows the use of LiOTf as the only salt (dashed red 
line in figure 17), i.e. it can provide high enough ionic strength on its own without turning 
the polymer completely insoluble. This makes the system highly versatile as TcU for PIL-
B-2 can be positioned nearly anywhere in the liquid range of water just by using LiOTf. 
The system did not display any dependence on polymer concentration. This is the case 
with LiOTf as the only salt or with both LiOTf and NaCl present in the solution (figure 
18). The transitions are significantly sharper with LiOTf than with LiNTf2. 
Curious results can be obtained when inducing UCST-type behavior with OTf for 
PMOTAI-1 (figure 19). The amount of LiOTf needed to observe a transition is high, 200 
mM. This makes it possible to use LiOTf in a similar dual role to induce the phase 
transition and provide the sufficient ionic strength, which was also the case with PIL-B-2. 
After the initial increase and a broad maximum, TcU starts to decrease with increasing 
concentration of LiOTf and eventually disappears completely. The author has no definite 
explanation for the phenomenon, but perhaps OTf-ions bind to the polymer at very high 
concentrations, similarly to surfactant binding to PNIPAm.306  
The observed phenomenon is not caused by the lithium ions since an analogous 
potassium salt (KOTf) yielded similar results (figure 19).  
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Figure 18. TcU as a function of PIL-B-2 concentration in various concentrations of LiOTf, given as 
mM above the lines. The measurements have been conducted either with LiOTf as the only salt (■) 
or keeping the total salt concentration constant at 100 mM with added NaCl (●).IV 
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Figure 19. Tc of 1 mg/mL PMOTAI solution as a function concentration of OTf-ions, with either 
LiOTf (■) or KOTf (●).IV 
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4.3.3. Reversibility of the Counterion-Induced UCST-transitionIV, V 
The reversibility of the counter-ion induced UCST transition was studied in some cases in 
detail (figure 20). The samples were chosen in a way that the phase transitions occurred 
far from the extremes of the studied temperature range, the initial values of TcU were 
between 27 °C and 36 °C. Thus even in the case of major hysteresis, TcU could still be 
observed.  
It can be seen from figure 20 that the only system with significant hysteresis is 
PMOTAI-1 with LiNTf2. It was observed during the sample preparation that the solutions 
with LiNTf2 are slow to react, e.g. turbidity at room temperature develops only after a 
couple of minutes and the transitions are generally broad. The ability of PAMPTMA-1-
NTf2 to react faster to the changes in temperature may be due to its hydrogen-bonding 
amide, which keeps bound to water even at temperatures below TcU. Hydrogen bonding is 
probably the reason for the narrow transitions of PAMPTMA-1 as well. 
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Figure 20. Difference of TcU between  heating and cooling (ΔTcU ) over three cycles for 1 mg/mL 
solutions of PMOTAI-1 in 750 mM NaCl with 40% (1.33 mM) of LiNTf2 (■), PIL-B-2 with 35 mM 
LiOTf at total salt concentration of 100 mM (●), and PAMPTMA-1 in 500 mM NaCl with 10 mM 
of LiNTf2 (▲). The cooling cycle was done always first.
IV, V 
All the measurements of CP-65 (figure 21) were started with a heating run and the 
hysteresis is small in all cases, thus CP-65 resembles PAMPTMA-1 also in this sense. In 
500 mM and 750 mM NaCl, the hysteresis is smaller than in the case of the lower 
concentrations of NaCl. This indicates effective screening of electrostatic interactions.  
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For CP-65, hysteresis goes through a maximum with increasing concentration of 
LiNTf2. The ion pairs are more dissociated at lower concentrations and the speeding up of 
the dissolution process at higher concentrations is due to the process occurring at higher 
temperatures.  
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Figure 21. ΔTcU as a function of TcU for CP-65 with varying concentrations of LiNTf2 in 100 mM 
NaCl (●), 250 mM NaCl (▲), 500 mM NaCl (▼), and 750 mM NaCl (♦). Heating runs have been 
conducted first. The dependence of TcU on LiNTf2 for each series is reported in figure 15.
V  
4.4. Effect of LiNTf2 on LCST BehaviorIII, V 
The effect of LiNTf2 on TcL was also studied. This was done on thermosentive polymers 
that contained cationic groups for interaction with NTf2-ions. The polymers were weakly 
cationic PDMAEMA-1 and the CPs. When the majority of groups in the polymer are 
cationic (PDMAEMA-1 at pH 6 and CP-65, see above), the UCST behavior starts to 
dominate. Also the effect of LiNTf2 on nonionic PNIPAm-2 was studied for comparison. 
4.4.1. NTf2 and PDMAEMA-1 at Room TemperatureIII 
The original idea behind the use of PDMAEMA with LiNTf2 was that the degree of 
protonation of PDMAEMA can be varied with pH and thus it resembles a copolymer with 
a varying content of cationic units. Therefore pH can be used to control the strength of 
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interactions between the polymer and NTf2-ions. The LiNTf2 concentration was scaled 
with concentration of repeating units in 1 mg/mL solution of PDMAEMA, which means 
that 100 % corresponds to 6.36 mM. For the purpose of this thesis, the concentrations are 
reported as mM, since this convention was followed in article V as well. 
The possible interaction was first tested by decreasing the pH of 1 mg/mL solution of 
PDMAEMA-1, containing an equimolar amount of LiNTf2 (figure 22). Evidently, the 
interactions between the repeating units and NTf2-ions start to be significant at 
approximately pH 9. This was also the case when the solution contained 100 mM LiCl, 
which indicates that the interactions are highly selective.  
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Figure 22. Intensity of scattered light as a function of pH from originally 1 mg/mL PDMAEMA 
solution in 0.1 M LiCl (■) and in pure water (●) at 20 °C.  The pH-intensity relationship obtained 
by cycling pH (▲) is given for comparison (see figure 23). All samples contain equal 
concentrations of LiNTf2 and DMAEMA repeating units.
III 
It was observed that the the PDMAEMA-1-LiNTf2-system is reversible and thus it can be 
cycled between soluble and insoluble states by pH (figure 23). The onset pH of the 
transition is very similar to that in the case when pH is monotonously decreased. Data 
from figure 23 is added to figure 22 for comparison. 
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Figure 23. pH cycling experiment at 20 °C. Intensity of scattered light upon addition of varying 
amounts of acid (red line) or base (blue line) to originally 1 mg/mL solution of PDMAEMA, after 
addition of an equimolar amount of LiNTf2 (black line). Value of pH of the solution after each 
addition is indicated next to the data point.III 
The initial addition of LiNTf2 in figure 23 leads to a sudden increase of pH, although the 
anion itself is not a base in this pH range.159-161 Evidently, the anion turns PDMAEMA-1 
to a stronger base, which was tested by studying pH of the solution as a function of added 
LiNTf2 (figure 24).  
Regardless of the exact method of sample preparation, the trend in figure 24 is clear. 
pH of the solution first rapidly increases and then levels approximately to 9.2 - 9.5. It can 
be concluded that LiNTf2 indeed increases the basicity of PDMAEMA-1, presumably by 
forming tight ion pairs and therefore efficiently screening the charges.  
The range of pH where the leveling in figure 24 is observed forms a borderline in this 
system.  In a similar pH, the intensity of scattered light starts to increase (figure 22). This 
pH-range also marks a significant change in the thermoresponsive behavior. 
TcL in figure 24 shows a behavior dependent on the added amount of LiNTf2. The 
initial decrease in TcL is probably due to the formation of hydrophobic ion pairs and the 
later increase due to an increased charging of the polymer, caused by an increased basicity 
of the polymer. The thermoresponsive behavior of these systems is discussed below. 
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Figure 24. pH of originally 1 mg/mL solution of PDMAEMA-1 as a function of concentration of 
LiNTf2 by adding 100 mM LiNTf2 to a solution of PDMAEMA-1 (■) or preparing the solutions 
separately(●). For the separately prepared solutions, TcL was also measured (▲).
III 
4.4.2. Effect of LiNTf2 on Thermoresponsive Behavior of PDMAEMA-1III 
At pH above 6, where TcU was observed, it is possible to influence the TcL and Tmax of 
PDMAEMA-1 in buffered solutions at constant pH with LiNTf2 (figure 25).  
In solutions with pH 7 and pH 8 PDMAEMA-1 is charged enough to have a strong 
interaction with NTf2 anion. The transition temperature decreases rapidly with increasing 
concentration of LiNTf2. The exact values of TcL and Tmax for pH 7 and pH 8 differ, but 
the general behavior is the same. 
PDMAEMA-1 buffered to pH 9 is hardly charged at all. This is seen as a very mild 
effect of increasing concentration of LiNTf2 to the transition temperatures; in this pH, the 
salt can be present in much higher concentrations than at lower values of pH before 
PDMAEMA-1 turns insoluble. 
In addition, pH 9 is just below the borderline pH, below which the scattering intensity 
starts to increase in the presence of LiNTf2 (figure 22) and to which the pH levels with 
increasing concentration of LiNTf2 (figure 24). The effect of increasing basicity is 
therefore probably already significant at pH 9, further reducing the steepness of the 
decrease. 
pH levels to 9.2-9.5 in figure 24. In figure 25, pH 10 is above this value. At pH 10, the 
dominant effect caused by the addition of LiNTf2 is the increasing basicity of 
PDMAEMA-1, since both TcL and Tmax increase with increasing concentration of the salt. 
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When PDMAEMA-1 becomes a stronger base at a constant pH, the degree of charging 
increases, which in turn increases the transition temperatures. 
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Figure 25. TcL (filled symbols, solid lines) and Tmax (empty symbols, dashed lines) as functions of 
LiNTf2 concentration for 1 mg/mL PDMAEMA-1 at buffered solutions at pH 7(■), at pH 8 (●), at 
pH 9 (▲), and at pH 10(▼).The lines are to guide the eye.III 
4.4.3. Thermoresponsive Behavior of PDMAEMA with Varying pH and 
Constant Concentration of LiNTf2 III 
The previous subsection discussed the effect of varying concentration of LiNTf2 on the 
phase transition temperature of PDMAEMA-1 at constant pH. It is of interest to study the 
pH-dependency of TcL while keeping the concentration of LiNTf2 constant. 
Based on the results shown in figures 13 and 25, the concentrations chosen were 1.91 
mM (30 mol-% to DMAEMA-units) and 2.54 mM (40 mol-% to DMAEMA-units). The 
rationale behind 30 mol-% was that it has a significant influence on TcL, but does not turn 
PDMAEMA-1 completely insoluble at any pH (figure 25). Concentration of 40 mol-% 
was chosen because it was the lowest concentration in which TcU was observed (figure 
13). These two concentrations were then studied in buffered and unbuffered solutions. 
With 30 mol-% of LiNTf2, TcL goes through a minimum at pH 8 in a buffered solution 
of PDMAEMA-1 (figure 26). Before this, TcL decreases very fast. At higher pH values the 
effect caused by the addition of LiNTf2 is less dramatic. As discussed above, this is due to 
increased basicity and low degree of charging of PDMAEMA-1. The increased basicity is 
the most significant effect above pH 9.3, as this is the point where TcL becomes higher 
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than in the solutions without LiNTf2. This pH was observed to mark a change in the 
solution behavior of PDMAEMA-1-LiNTf2 system also in other measurements. 
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Figure 26. TcL of PDMAEMA-1 with 1.91 mM (30 mol-%) of LiNTf2. Both buffered (■) and 
unbuffered (●) solutions were studied. The dashed line connects TcL-values for PDMAEMA-1 
buffered to pH 9 and pH 10 without LiNTf2. The lines are to guide the eye.
III 
With 40 mol-% of LiNTf2 two separate areas of solubility can be observed (figure 27). In 
the high pH range the behavior is qualitatively the same as with 30 mol-% solutions, 
including the TcL-increasing effect of LiNTf2 at pH values above 9.3. The area of 
solubility at low pH is defined mostly by TcU, but also TcL could be observed. 
When one compares the buffered and unbuffered solutions at the high pH range in 
figures 26 and 27, it is clear that buffering does not have any effect on TcL. The situation 
changes when pH decreases: below 8.5 in an unbuffered solution it is not possible to 
observe a phase transition at all. Only stable colloidal particles form, as was the case with 
PMOTAI-1 and PIL-B-2 with NTf2 and without NaCl. The fact that the UCST transition is 
not observable without buffering later led to the realization that NaCl is needed for 
PMOTAI-1 and PIL-B-2 with NTf2 in order to induce an UCST-type behavior. 
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Figure 27. TcL (filled symbols) and TcU (empty symbols) of PDMAEMA-1 with 2.54 mM (40 mol-
%) of LiNTf2. Both buffered (■) and unbuffered (●) solutions were studied. The dashed line 
connects TcL-values for PDMAEMA-1 buffered to pH 9 and pH 10 without LiNTf2. The areas of 
solubility and insolubility have been marked for clarity. The lines are to guide the eye.III 
4.4.4. PNIPAm and LiNTf2V 
In order to discuss the effect LiNTf2 on thermosresponsive properties of the CPs, the 
effect of the salt on the corresponding homopolymers needs to be studied. For PNIPAm-2 
this was done by measuring Tmax in solutions with varying concentrations of LiNTf2 and 
NaCl (figure 28).  Similar concentrations of NaCl were used for PAMPTMA-1 (see 
discussion above) and the CPs (see discussion below). 
The dependencies of Tmax on the salt concentration are linear in the cases where only 
one salt is added (figure 28). This is a common feature of various salts of the Hofmeister 
series.303, 305, 314 
The obtained slope for Tmax as a function of NaCl concentration (-14.3 °C/M) is in an 
agreement with literature values of -13 °C/M and -10.3 °C/M. 303, 314 The author is not 
aware of any reports on the slope of LiNTf2, but the obtained value of -39.5 °C/M is 
similar to the strongest kosmotropes of the Hofmeister series. A fairly similar slope 
between -33.7 °C/M and -38.0 °C/M has been observed for Na2SO4, one of the strongest 
kosmotropes.314 
The fact that LiNTf2 is such a strong kosmotrope is surprising, since this is commonly 
a property of strongly hydrated ions with high charge densities.314 The reasons for this 
anomaly would deserve a study of its own.  
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Figure 28. Tmax as function total concentration of salts for 1 mg/mL PNIPAm-2-solutions 
containing LiNTf2 without NaCl (■), with 100 mM NaCl (●), with 250 mM NaCl (▲), with 500 
mM NaCl (▼) and with 750 mM NaCl (♦).The black line shows a linear fit for the solutions with 
only LiNTf2 and the red line for the ones with only NaCl.
V 
It has been observed that with mixed salt solutions of potassium halides the dependency of 
the transition temperature can be broken into contributions from the individual salts.303 In 
the case presented in figure 28 this cannot be done, since the decrease in mixed solutions 
is faster with increasing concentration of LiNTf2 than it is when using only LiNTf2. For 
high molecular weight polymers, a two-stage phase transition for PNIPAm with high 
concentrations of strong kosmotropes has been observed.314  PNIPAm-2 is evidently too 
small for this. 
When comparing the effect of LiNTf2 on PAMPTMA-1 (figure 15) and PNIPAm-2 
(figure 28), it can be seen that the effect on PAMPTMA-1 is of completely different order 
of magnitude. An illustrative example is that Tmax of PNIPAm-2, compared to pure water, 
decreases by 3.4 °C in a 50 mM solution of LiNTf2, but 20 mM is enough to turn 
PAMPTMA-1 completely insoluble in all studied NaCl concentrations. Therefore, any 
effect arising from the interactions between NIPAm units and LiNTf2 can be neglected for 
CPs; the effects arise only from the AMPTMA units. 
4.4.5. Effect of LiNTf2 on TcL of CPsV 
For the NIPAm-AMPTMA-copolymers with low AMPTMA content, i.e. CP-8, CP-17, 
and CP-26, it is possible to greatly influence TcL by the concentration of LiNTf2 and to 
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further modulate this interaction by NaCl (figure 29). As a result, TcL can be changed over 
a very wide range of temperatures. Tmax was also measured and it gave identical results, 
which are therefore not shown here. Dependency of TcL on the polymer concentration is 
insignificant. 
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Figure 29. TcL as a function of LiNTf2  concentration for 1 mg/mL solution of CP-8, CP-17, and 
CP-26 containing LiNTf2 without NaCl (■), with 100 mM NaCl (●), with 250 mM NaCl (▲), with 
500 mM NaCl (▼) and with 750 mM NaCl (♦).The lines are to guide the eye.V 
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No member of the CP-series displays any phase transition in a salt free solution, but it is 
possible to observe a LCST transition using LiNTf2 as the only salt. LiNTf2 effectively 
“switches off” the charges, which leads to a copolymer of NIPAm and a comonomer with 
tunable hydrophilicity or hydrophobicity. The width of the transition greatly decreases 
with increasing the concentration of LiNTf2, which indicates reduced electrostatic 
repulsions. 
For CP-8, 250 mM NaCl is enough to screen the charges for such an extent that the 
transition happens without any LiNTf2. A similar threshold value for CP-17 is 750 mM. 
The AMPTMA-content of CP-26 is so high that not even 750 mM provides enough 
screening to make the LCST transition observable without LiNTf2. The possibility of 
modulating the thermoresponsive behavior of a copolymer of NIPAm and a strong 
electrolyte by high ionic strengths has been reported in the literature.187 
The threshold concentration of NaCl sets the upper limit of TcL and the addition of 
LiNTf2 can only decrease it. The temperature range in which TcL can be varied is then 
widest when NaCl is added only in amounts which do not as such induce the appearance 
of the cloud point. 
An important observation on the CPs in figure 29 is that none of the copolymers shows 
an UCST-type phase transition. If the ion pairs dissociated completely at higher 
temperatures one should observe an UCST transition. Thus, also in the case of the 
homopolycations, some polycation-NTf2 interactions probably remain at elevated 
temperatures and the TcU is a product of a slight tipping of the balance between solubility 
and insolubility. 
CP-46 contains nearly equal amounts of the both comonomers and correspondingly 
displays both TcL and TcU, i.e. S-I-S-transtitions (figure 30). The coexistence of both 
transitions is assumed to be due to the formation of ion pairs at low temperatures, which 
causes a LCST-type transition. The ion pairs weaken at higher temperatures and this then 
triggers an UCST-type transition. This is a delicate balance, and the transitions can be only 
observed within a very narrow concentration range between complete solubility and total 
insolubility. 
As can be seen in figure 30, TcU shows only minor hysteresis. This was not the case 
with TcL as no low-temperature redissolution could be observed under the used 
experimental conditions. Very strong hysteresis has been observed by Longenecker et al. 
for copolymers of HEMA and a methacrylamide analogue of AMPTMA.429 They attribute 
this to hydrogen bonding, a valid theory in the present case as well. TcU is of electrostatic 
origin and therefore does not show similar hysteresis. 
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Figure 30. TcL (black), TcU on heating (red) and TcU on cooling (blue) as a function of LiNTf2 
concetration for 1 mg/mL solution of CP-46 in 100 mM NaCl (●), 250 mM NaCl (▲), 500 mM 
NaCl (▼), and 750 mM NaCl (♦). The lines are to guide the eye.V 
It is known that the dissolution of PNIPAm may be very slow if the polymer is kept at 
temperatures above its TcL for prolonged periods of time.
284 The existence of a similar 
phenomenon for CP-46 was studied by minimizing the time that the solution was kept at 
elevated temperatures. This was done by conducting two heating runs in succession, with 
a fast cooling between the measurements. This led to reversibility of the transition, at least 
for the solutions with 500 mM NaCl (figure 31). The hydrogen bonds had little time to 
reorganize.  
It was observed that PNIPAm-2 in 500 mM NaCl behaves somewhat similarly to CP-
46. Not even 16 hours at 5 °C was enough to completely redissolve the polymer if the 
cooling was slow. But with fast cooling, the system reversed back to its original state in 
less than 4 hours. Analogous results were obtained for CP-8 in 10 mM LiNTf2 without any 
NaCl. 
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Figure 31. TcL (black) and TcU on heating (red) as a function of LiNTf2-concentration for 1 
mg/mL solution of CP-46 in 250 mM NaCl (▲) and 500 mM NaCl (▼). After the initial 
measurement (filled symbols) the samples have been quickly cooled back to 5 °C and the 
measurement has been repeated (empty symbols). The lines are to guide the eye.V 
4.4.6. Effect of LiNTf2 on ΔHIII, V 
ΔH of the copolymers of NIPAm usually does not depend on the exact comonomer that 
has been used, but rather linearly on the phase transition temperature.281, 347 Although the 
dependencies are not completely linear, a similar behavior can be observed for the CPs in 
figure 32.  Also in this respect, the CPs behave as copolymers of NIPAm with a 
comonomer with a tunable hydrophilicity or hydrophobicity. The fact that the data points 
for each CP form a separate series instead of falling on exactly the same curve is probably 
due to experimental error in determining the NIPAm content by NMR.  
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Figure 32. ΔH as a function of Tmax for CP-8  (black), CP-17 (red), and CP-26 (green) without 
NaCl (■), with 100 mM NaCl (●), with 250 mM NaCl (▲), with 500 mM NaCl (▼), or with 750 
mM NaCl (♦). The solutions contain varying amounts of LiNTf2. The enthalpies are reported per 
mole of NIPAm-units.V 
As already stated, ΔH of PDMAEMA decreases as the transition temperature decreases, 
contrary to other LCST-polymers.386, 387 This is also the case with PDMAEMA-1 and the 
relationship is almost linear in the case of solutions without LiNTf2 (figure 33). The 
situation becomes more complicated with added LiNTf2, although solutions with pH 7-9 
follow the same general trend. 
The Tmax - ΔH behavior of PDMAEMA arises from the deprotonation of the basic 
units upon the phase transition, which is an endothermic process. The conclusion is 
supported by the observation that when measuring the pH of PDMAEMA-solution as a 
function of temperature, the phase transition is marked by a kink towards lower pH.382  
The decrease of enthalpy with the introduction of LiNTf2 at pH 7-9, see figure 33, can 
then be because of the formation of tight ion pairs that efficiently screen the charges. The 
practically constant ΔH of the pH 10 series would then be due to the interplay of increased 
basicity and formation of ion pairs. Although the increased basicity becomes the 
determining factor of the transition temperature at pH 10, it is assumed that the affinity of 
PDMAEMA-1 towards NTf2-ions is greatly enhanced at the phase transition. 
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Figure 33. ΔH as a function of Tmax for 1 mg/mL solution of PDMAEMA-1 buffered at pH 7(■), at 
pH 8 (●), at pH 9 (▲), and at pH 10(▼) with varying amounts of LiNTf2.The dashed line connects 
the solutions without LiNTf2. The solid lines are to guide the eye. The enthalpies are reported per 
mole of DMAEMA-units. The effect of LiNTf2 on Tmax was already shown in figure 25.
III 
NaCl and LiNTf2 have opposite effects on the Tmax - ΔH behavior of PNIPAm-2 (figure 
34). If Tmax is decreased using only NaCl, ΔH slightly increases with decreasing Tmax. A 
decrease has been observed for potassium halides.281 The difference can arise from the 
different cations, since simulations indicate that the interaction of amide with sodium 
cation is stronger than with potassium.317, 318 LiNTf2 strongly decreases ΔH along with 
decreasing Tmax. Whether this is a common feature of all strong kosmotropes has not been 
reported. 
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Figure 34. ΔH as a function of Tmax for for 1 mg/mL PNIPAm-2-solutions with no added NaCl (■), 
with 100 mM NaCl (●), with 250 mM NaCl (▲), with 500 mM NaCl (▼) and with 750 mM NaCl 
(♦) with varying amounts of LiNTf2. The dashed line connects points without LiNTf2. The 
concentration of LiNTf2 increases when moving left within each series. The effect of LiNTf2 on Tmax 
was already shown in figure 28.V 
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5. Conclusions 
This thesis discusses the aqueous solution properties of materials that combine features of 
PILs and thermoresponsive polymers. 
Block copolymers with PIL and PNIPAm blocks form complex aggregates in aqueous 
solutions. This is the case for block copolymers with a hydrophobic PIL block at room 
temperature and for block copolymers with a hydrophilic PIL blocks at temperatures 
above the cloud point of PNIPAm. The collapse of PNIPAm causes enrichment of cationic 
units on the surface of the formed aggregate in both cases. Interactions between the two 
different repeating units were observed as well. 
Anions that commonly turn PILs insoluble in water can be used to induce UCST 
behavior for several polycations. Sufficient ionic strength is required to be able to observe 
the phenomenon, either from the salt of the hydrophobic anion or from an added 
electrolyte. The systems resemble copolymers of hydrophilic and hydrophobic monomers, 
which in some cases also show UCST behavior.357 In the present case, the phase transition 
temperature can be modified after the polymerization. 
NTf2 as a counterion can be used to influence the LCST-type thermal response of 
polymers containing cationic groups. This is the case for weakly cationic PDMAEMA, as 
well as for copolymers of strongly cationic AMPTMA and thermosresponsive NIPAm. 
When the content of charges is high, both polymers behave similarly as strong polycations 
i.e. they show an UCST behavior in the presence of NTf2 ions. This is the case when pH 
of the PDMAEMA solution is acidic or the AMPTMA-content in the copolymer is high. 
For PDMAEMA, not only the thermoresponsive behavior is influenced but the 
presence of NTf2 also turns the polymer to a stronger base. The competition between the 
formation of water-insoluble ion pairs and increased basicity mark the solution behavior of 
PDMAEMA in the presence of NTf2.  
In an analogous fashion to the counterion-induced UCST, the phase transition of the 
CPs can be influenced by the presence of NTf2 and can be further modulated by the 
concentration of NaCl. NTf2 was observed to be among the strongest kosmotropes for 
PNIPAm. 
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